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Summary

After briefy recapitulating the history of the charm quantum number we sketch the
experimental environments and instruments employed to study the behaviour of charm hadrons
and then describe the theoretical tools for treating charm dynamics. We discuss a wide range of
inclusive production processes before analyzing the spectroscopy of hadrons with hidden and
open charm and the weak lifetimes of charm mesons and baryons. Then we address leptonic,
exclusive semileptonic and nonleptonic charm decays. Finally we treat DO ¥ oscillations and
CP (and CPT) violation before concluding with some comments on charm and the quark-gluon
plasma. We will make the case that future studies of charm dynamics — in particular of CP
violation — can reveal the presence of New Physics. The experimental sensitivity has only
recently reached a level where this could reasonably happen, yet only as the result of dedicated
efforts. This review is meant to be both a pedagogical introduction for the young scholar and a
useful reference for the experienced researcher. We aim for a self-contained description of the
fundamental features while providing a guide through the literature for more technical issues.

Submitted to Il Nuovo Cimento



29

33
34
35
36
37
39
39
41
41
42
45
45
48
48
49
50
51
53
54
55
55
58
59
60

Preface
A Bit of History

21
22
2°3.

Charm’s Place in the Standard Model
On the Uniqueness of Charm

The Discovery of Charm

2'3.1.  The heroic period

2'3.2.  On the eve of a revolution
2'3.3.  The October revolution of ’74
2'3.4.  The role of colour

Experimental Environments and Instruments

31.

32.
3'3.

On the history of observing charm

3'1.1. Hidden charm

3'1.2.  Open charm

3'1.3.  Measuring charm lifetimes

3'1.4.  The silicon revolution

The past’s lessons on the production environment
Key detector components

Theoretical Technologies

4°'1.

4°2.
4'3.
4'4.
4'5.
4°6.

4'7.

4'8.
4'9.
4°10.

4'11.
4'12.
4'13.

The stalwarts: quark (and bag) models

4'1.1.  Quarkonium potential

Charm Production and fragmentation

Effective field theories (EFTh)

1/N¢ expansions

Heavy quark symmetry (HQS)

Heavy quark expansions (HQE)

4'6.1. QCD for heavy quarks

4'6.2. The Operator Product Expansion (OPE) and weak decays of heavy
flavour hadrons

4'6.3. Heavy Quark Parameters (HQP): Quark masses and expectation
values

HQET

4'7.1. Basics of the spectroscopy

4'7.2.  Semileptonic form factors

NRQCD

Lattice QCD

Special tools

4'10.1. Effective weak Lagrangian

4'10.2. Sum Rules

4'10.3. Dispersion relations

4'10.4. Final State Interactions (FSI) and Watson’s theorem

4'10.5. Zweig’s rule

On quark-hadron duality

Resume on the theoretical tools

On Future Lessons

Production dynamics

51.
52.
53.
54.
5'5.
56.
57.

Charmonium production

Charm at LEP (mainly)
Photoproduction

Fixed target hadroproduction
Hadroproduction at colliders

Deep inelastic lepton-nucleon scattering
Hadroproduction inside heavy nuclei

Spectroscopy and Lifetimes

6°1.

On the charm quark mass



62
64
64
65
67
69
70
72
73
73
75
78
80
86
88
90
91
93
93
94
96
96
97
97
99
99
100
105
107
108
109
110
111
112
112
115
117
121
123
124
125
126
132
133
133
135
141
142
143
144
145
148
153
154

10.

6°2.
6°3.

6°4.

6°5.

Spectroscopy in the hidden charm sector

Spectroscopy in the C # 0 sector

63.1. D* width

6°3.2. Charm mesons - L = 1 excited states

6'3.3. Charm mesons - New L = 1 D; states

6'3.4. C =1 baryons

6'3.5. C > 2 baryons

6'3.6. Production of charm resonances

Weak lifetimes and semileptonic branching ratios of C = 1 hadrons
6'4.1.  Brief History, and Current Status of Lifetime Measurements
6'4.2. Early phenomenology

6'4.3. The HQE description

6'4.4. Theoretical interpretation of the lifetime ratios

6'4.5.  Future prospects

Masses, weak lifetimes and semileptonic branching ratios of C' > 2 baryons

Leptonic and Rare Decays

71
72.
73.
74.
75.
76.
7.

Expectations on D;" — ¢ty

Df — ¢ty

Adagio, ma non troppo

Much rarer still: D® — ptp~ and D® — ~~
The ”forbidden” mode: D® — et p¥

Exotic new physics: Dt — ntT /KT f°

D1, Df — het! with h = 7, K

Semileptonic Decays

81.
82.

8"3.

Inclusive Transitions

Exclusive Modes

82.1. H.— fvh

82.2.  Saturating the inclusive width

82.3. Light flavour spectroscopy in semileptonic decays.
V(cs) & V (ed)

Exclusive nonleptonic decays

91.
92.

9'3.
9'4.

9'5.

9°6.
9'7.

D° —

10°1.
10°2.
10°3.
10°4.

The p — 7 puzzle

Other charmonium decays

92.1. [ec] — v + {hiight}

On absolute charm branching ratios
Two-body modes in weak nonleptonic decays
9'4.1. Early phenomenology

9'4.2.  Cabibbo forbidden channels

9'4.3. The 1/N¢ ansatz

94.4. Treatment with QCD sum rules
9'4.5.  Status of the data

9°4.6. Modern models

9°4.7.  On manifestations of New Physics
Light-flavour spectroscopy from charm hadronic decays
9'5.1.  Dalitz plot techniques

9'5.2.  Results from Dalitz analyses
Baryon decays

Resume

D° Oscillations

Notation

Phenomenology

Theory expectations

Experiments and data

10°4.1. Wrong sign vs right sign counting



158 10°4.2. Lifetime difference measurements

161 10'5. Where do we stand today, and what next?

162 10°6. Resume

163 11. CP violation

163 11'1. Direct CP violation

163 11°1.1. Partial widths

166 11'1.2. Asymmetries in final state distributions
167 11'2. CP asymmetries involving oscillations

171 11°3. Theory expectations and predictions

173 11'4. Data

173 11°4.1. Direct CP asymmetries in partial widths
174 11°4.2. Dalitz plot distributions

174 11°4.3. Indirect CP asymmetries

175 11°5. Searching for CPT violation in charm transitions
176 11°5.1. Experimental limits

177 11'6. Resume

177 12. Charm and the Quark-Gluon Plasma

178 13. Summary and Outlook

179 13"1. On Charm’s future entries into High Energy Physics’ Hall of Fame aka.

Pantheon In ”Old Europe’s” Romanic parlance aka. Valhalla In ”Old

EpRt)

Europe’s” Germanic parlance

179 13'1.1. Sure bets

179 13'1.2. Likely candidates

179 13'1.3. On the bubble

180 13'2. On the Future of Charm Physics
180 13'2.1. Photoproduction

180 13'2.2. Hadronic collisions

181 13'2.3. Beauty Factories

181 13'2.4. Tau-Charm Factories
183 132.5. Gluon-charm Factory at GSI
183 13°2.6. BTeV

184 132.7. Lattice QCD

184 14. ‘Fabula docet’



1. — Preface

”Physicists, colleagues, friends, lend us your ears — we have come to praise charm, not
bury it!” We have chosen such a theatrical opening not merely to draw your attention
to our review. We feel that charm’s reputation — like Caesar’s — has suffered more than
its fair share from criticisms by people that are certainly honourable. Of course, unlike
in Caesar’s case the main charge against charm is not that it reaches for the crown; the
charge against charm is one of marginality, i.e. that charm can teach us nothing of true
consequence any longer: at best it can serve as a tool facilitating access to something
of real interest — like beauty; at worst it acts as an annoying background — so goes the
saying.

Our contention instead is:

e While charm of course had an illustrious past, which should not be forgotten and
from which we can still learn,

e it will continue to teach us important lessons on Standard Model (SM) dynamics,
some of which will be important for a better understanding of beauty decays, and

e the best might actually still come concerning manifestations of New Physics.

The case to be made for continuing dedicated studies of charm dynamics does not rest
on a single issue or two: there are several motivations, and they concern a better under-
standing of various aspects of strong and weak dynamics.

In this article we want to describe the present state-of-the-art in experiment and the-
ory for charm studies. We intend it to be a self-contained review in that all relevant
concepts and tools are introduced and the salient features of the data given. Our empha-
sis will be on the essentials rather than technical points. Yet we will provide the truly
dedicated reader with a Cicerone through the literature where she can find all the details.
We sketch charm’s place in the SM — why it was introduced and what its characteristics
are — and the history of its discovery. Then we describe the basic features of the experi-
mental as well as theoretical tools most relevant in charm physics. Subsequent chapters
are dedicated to specific topics and will be prefaced with more to the point comments
on the tools required in that context: production, spectroscopy and weak lifetimes.

We shall then address exclusive leptonic, semileptonic and nonleptonic transitions,
before we cover D® — D° oscillations, CP violation and the onset of the quark-gluon
plasma. This discussion prepares the ground for an evaluation of our present understand-
ing; on that base we will make a case for future studies of charm physics.

2. — A Bit of History

2'1. Charm’s Place in the Standard Model. — Unlike for strangeness the existence of
hadrons with the quantum number charm had been predicted for several specific reasons
and thus with specific properties as well. Nevertheless their discovery came as a surprise
to large parts or even most of the community [1].

Strangeness acted actually as a ‘midwife’ to charm in several respects. Extending an
earlier proposal by Gell-Mann and Levy, Cabibbo [2] made the following ansatz in 1963
for the charged current

(1) J[.(L+)[J[(L_)] = cosOcdryur[aryudr] + sinfcsry,ur[Gry,sL]
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Fig. 1. — The box diagram responsible for K° — K° oscillations

(written in today’s notation), which successfully describes weak decays of strange and
nonstrange hadrons. Yet commuting J IS+) with its conjugate J IS_) yields a neutral cur-

rent that necessarily contains the AS = =1 term sinf¢ cosO¢c (JL")/H_SL + srvudr).
Yet such a strangeness changing neutral current (SChNC) is phenomenologically unac-
ceptable, since it would produce contributions to AMg and Ky — ptpu~ that are too
large by several orders of magnitude. The match between leptons and quarks with three
leptons — electrons, muons and neutrinos — and three quarks — up, down and strange
— had been upset already in 1962 by the discovery that there were two distinct neutri-
nos. Shortly thereafter the existence of charm quarks was postulated to re-establish the
match between the two known lepton families (ve, e) and (v, p) with two quark fami-
lies (u,d) and (c, s) [3, 4]. Later it was realized [5] that the observed huge suppression
of strangeness changing neutral currents can then be achieved by adopting the form

J‘([H = dc,zyuur + de,LyucL
(2) dc = cosOcd + sinlcs , sc = —sinBc d + cosOc s

for the charged current. The commutator of J(+) and J(~) contains neither a AS # 0
nor a AC # 0 piece. Even more generally there is no contribution to A M in the limit
Me = My,; the GIM mechanism yields a suppression o< (m2 — m2)/M32,. From the
value of AMg one infers m, ~ 2 GeV.

This procedure can be illustrated by the quark box diagram for K — K° oscilla-
tions, Fig.(1). It is shown for a two-family scenario, since the top quark contribution is
insignificant for Amg (though it is essential for ex).

To arrive at a renormalisable theory of the weak interactions one has to invoke non-
abelian gauge theories [6]. In those the gauge fields couple necessarily to the charged
currents and their commutators thus making the aforementioned introduction of charm
quarks even more compelling. Yet one more hurdle had to be passed. For there is still
one danger spot that could vitiate the renormalizability of the Standard Model. The
so-called triangle diagram, see Fig.(2), has a fermion loop to which three external spin-
one lines are attached — all axial vector or one axial vector and two vector: while by
itself finite it creates an anomaly, the Adler-Bell-Jackiw (ABJ) anomaly. It means that
the axial vector current even for massless fermions ceases to be conserved on the loop,
i.e. quantum level (*). The thus induced nonconservation of the axial current even for
massless fermions creates infinities in higher orders that cannot be removed in the usual

(*) The term ‘anomaly’ is generally applied when a classical symmetry is broken by quantum
corrections.

L
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Fig. 2. — An example of a triangle diagram contributing to the ABJ anomaly.

way. The only way out is to have this anomaly, which does not depend on the mass
of the internal fermions, cancel among the different fermion loops. Within the SM this
requires the electric charges of all fermions — quarks and leptons - to add up to zero.
With the existence of electrons, muons, up, down and strange quarks already established
and their charges adding up to —2, this meant that a fourth quark with three colours
was needed each with charge —{—% — exactly like charm. There is an ironic twist here:
as described below, the discovery of open charm hadrons was complicated and therefore
delayed, because the charm threshold is very close to the 7 lepton threshold; cancellation
of the ABJ anomaly then required the existence of a third quark family (which in turn
allows for CP violation to be implemented in the SM in charged current couplings).
The fact that charm ‘bans’ these evils is actually the origin of its name (2). It was the
first quark flavour predicted, and even the salient features of charm quarks were specified:

e They possess the same couplings as u quarks,
e yet their mass is much heavier, namely about 2 GeV.

e They form charged and neutral hadrons, of which in the C' = 1 sector three mesons
and four baryons are stable; i.e., decay only weakly with lifetimes of very roughly
10713 sec — an estimate obtained by scaling from the muon lifetime, as explained
below.

o Charm decay produces direct leptons and preferentially strange hadrons.
e Charm hadrons are produced in deep inelastic neutrino-nucleon scattering.

Glashow reiterated these properties in a talk at EMS-74, the 1974 Conference on Exper-
imental Meson Spectroscopy and concluded [7]:
”What to expect at EMS-76: There are just three possibilities:

1. Charm is not found, and I eat my hat.
2. Charm is found by hadron spectroscopers, and we celebrate.

3. Charm is found by outlanders, and you eat your hats.”

(?) The name ”strangeness” refers to the feature — viewed as odd at the time — that the pro-
duction rate of these hadrons exceeds their decay rate by many orders of magnitude.
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A crucial element in the acceptance of the SU(2)r X U(1) theory as the SM for the
electroweak forces was the observation of flavour-conserving neutral currents by the
Gargamelle collab. at CERN in 1973. Despite this spectacular success in predicting
weak neutral currents of normal strength in the flavour-conserving sector together with
hugely suppressed ones for AS # 0 transitions, the charm hypothesis was not readily
accepted by the community — far from it. Even after the first sightings of charm hadrons
were reported in cosmic ray data [8], a wide spread sentiment could be characterized by
the quote: "Nature is smarter than Shelly [Glashow] ... she can do without charm.” (*)
In the preface we have listed three categories of merits that charm physics can claim
today. Here we want to expand on them, before they will be described in detail in
subsequent sections.

e The production and decays of strange hadrons revealed or at least pointed to many
features central to the SM, like parity violation, the existence of families, the sup-
pression of flavour-changing neutral currents and CP violation. Charm physics
was likewise essential for the development of the SM: its foremost role has been to
confirm and establish most of those features first suggested by strange physics and
thus pave the way for the acceptance of the SM. It did so in dramatic fashion in the
discovery of charmonium, which together with the observation of Bjorken scaling
in deep inelastic electron-nucleon scattering revealed quarks acting as dynamical
degrees of freedom rather than mere mathematical entities. The demands of charm
physics drove several lines in the development of accelerators and detectors alike.
The most notable one is the development of microvertex detectors: they found
triumphant application in charm as well as in beauty physics — they represent a
conditio sine qua non for the observation of CP violation in B — J/¢¥Kg — and
in the discovery of top quarks through b-flavour tagging, to be followed hopefully
soon by the discovery of Higgs bosons again through b-flavour tagging. Some might
scoff at such historical merits. We, however, see tremendous value in being aware
of the past — maybe not surprisingly considering where two of us live and the other
two would love to live (we are not referring to South Bend here.).

e The challenge of treating charm physics quantitatively has lead to testing and re-
fining our theoretical tools, in particular novel approaches to QCD based on heavy
quark ideas. This evolutionary process will continue to go on. The most vibrant
examples are lattice QCD and heavy quark expansions described later.

e Charm can still ‘come through’ as the harbinger or even herald of New Physics. It
is actually qualified to do so in a unique way, as explained in the next section.

2°2. On the Uniqueness of Charm. — Charm quarks occupy a unique place among
up-type quarks. Top quarks decay before they can hadronize [9], which, by the way,
makes searches for CP violation there even more challenging. On the other end of the
mass spectrum there are only two weakly decaying light flavour hadrons, namely the
neutron and the pion: in the former the d quark decays and in the latter the quarks
of the first family annihilate each other. The charm quark is the only up-type quark
whose hadronization and subsequent weak decay can be studied. Furthermore the charm
quark mass m. provides a new handle on treating nonperturbative dynamics through an
expansion in powers of 1/m..

(®) Tt seems, even Glashow did not out rule this possibility, see item 1 on his list above.
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Decays of the down-type quarks s and b are very promising to reveal new physics
since their CKM couplings are greatly suppressed, in particular for beauty. This is not
the case for up-type quarks. Yet New Physics beyond the SM could quite conceivably
induce flavour changing neutral currents that are larger for the up-type than the down-
type quarks. In that case charm decays would be best suited to reveal such non-standard
dynamics.

2'3. The Discovery of Charm. —

2°3.1. The heroic period. A candidate event for the decay of a charm hadron was
first seen in 1971 in an emulsion exposed to cosmic rays [8]. It showed a transition
X* — hT7° with ¥ denoting a charged hadron that could be a meson or a baryon.
It was recognized that as the decaying object X T was found in a jet shower, it had to
be a hadron; with an estimated lifetime around fewx10~'* sec it had to be a weak
decay. Assuming hT to be a meson, the mass of XT was about 1.8 GeV. The authors
of Ref.[10] analyzed various interpretations for this event and inferred selection rules
like those for charm. It is curious to note that up to the time of the J/v discovery 24
papers published in the Japanese journal Prog. Theor. Physics cited the emulsion event
versus only 8 in Western journals; a prominent exception was Schwinger in an article
on neutral currents [11]. The imbalance was even more lopsided in experimental papers:
while about twenty charm candidates had been reported by Japanese groups before 1974,
western experimentalists were totally silent [12].

It has been suggested that Kobayashi and Maskawa working at Nagoya University in
the early 70’s were encouraged in their work — namely to postulate a third family for
implementing CP violation — by knowing about Niu’s candidate for charm produced by
cosmic rays. Afterwards the dams against postulating new quarks broke and a situation
arose that can be characterized by adapting a well-known quote that ”... Nature repeats
itself twice, ... the second time as a farce”.

It was pointed out already in 1964 [13] that charm hadrons could be searched in
multilepton events in neutrino production. Indeed evidence for their existence was also
found by interpreting opposite-sign dimuon events in deep inelastic neutrino nucleon
scattering [14] as proceeding through YN — p~c+ ... = p~D... —» p~pt....

2'3.2. On the eve of a revolution. The October revolution of 74 — like any true one —
was preceded by a period where established concepts had to face novel challenges, which
created active fermentation of new ideas, some of which lead us forward, while others
did not. This period was initiated on the one hand by the realization that spontaneously
broken gauge theories are renormalizable, and on the other hand by the SLAC-MIT study
of deep inelastic lepton-nucleon scattering. The discovery of approximate Bjorken scaling
gave rise to the parton model to be superseded by QCD; the latter’s ‘asymptotic freedom’
— the feature of its coupling as(Q?) going to zero (logarithmically) as Q2 — oo — was
just beginning to be appreciated.

Attention was turned to another deep inelastic reaction, namely eTe~ — had. In
some quarters there had been the expectation that this reaction would be driven merely
by the tails of the vector mesons p, w and ¢ leading to a cross section falling off with
the c.m. energy faster than the 1/ Eim' dependence of the cross section for the ‘point
like’ or ‘scale-free’ process ete~ — putpu~ does. On the other hand it was already
known at that time that within the quark-parton model the transition ete~ — had
would show the same scale-free behaviour at sufficiently high energies leading to the
ratio R = o(ete”™ — had)/o(ete™ — ptpu~) being a constant given by the
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sum of the quark electric charges squared. The three known quarks u, d and s yield
R = 2/3. It was pointed out by theorists that having three colours would raise R to a
value 2. Yet the data seemed to paint a different picture. Data taken at the ADONE
storage ring in Frascati yielded R ~ 3 £ 1 at E..,,,. = 3 GeV. The old Cambridge
Electron Accelerator (CEA) in Massachusetts was converted to an eTe™ machine in
1972. Measurements made there showed no signs of R decreasing: R = 4.9 & 1.1 and
6.2+ 1.6 at E.,, = 4 and 5 GeV, respectively. Yet these findings were not widely
accepted as facts due to the low acceptance of the detectors. The first measurement
of et e annihilation with a large acceptance detector was performed by the MARK I
collaboration at SLAC’s SPEAR storage ring for E¢ . ~ 3 —5 GeV. When their initial
results were announced at the end of 1973, they caused quite a stir or even shock. They
established that R was indeed in the range of 2 — 4 and not falling with energy. The
publicly presented data with their sizeable error bars actually seemed to show R rising
like E2, meaning o(ete™ — had) approaching a constant value [15]. This was taken
by some, including a very prominent experimentalist, as possible evidence for electrons
containing a small hadronic core.

The 74 revolution thus shares more features with other revolutions: In the end it
did not produce the effect that had emerged first; furthermore even prominent observers
do not own a reliable crystal ball for gazing into the future. Rather than revealing that
electrons are hadrons at heart, it showed that quarks are quite similar to leptons at small
distances.

The New Physics invoked to induce the rise in R was parameterized through four-
fermion operators built from quark and lepton bilinears. Some amusing effects were
pointed out [16]: if the new operators involved scalar [pseudoscalar| fermion bilinears,
one should see o(eTe™ — had) decrease [increase] with time from the turn-on of the
beams. For in that case the cross section would depend on the transverse polarization of
the incoming leptons, and the latter would grow with time due to synchrotron radiation.
Later more precise data did away with these speculations. They showed R to change
with E¢. .. as expected from crossing a production threshold.

Other theoretical developments, however, turned out to be of lasting value. In a
seminal 1973 paper [17] M.K. Gaillard and B. Lee explored in detail how charm quarks
affect kaon transitions - K — K© oscillations, K, — ptp~, K — ~~ etc. — through
quantum corrections. Their findings firmed up the bound m. < 2 GeV. Together with J.
Rosner they extended the analysis in a review, most of which was written in the summer
of 1974, yet published in April 1975 [18] with an appendix covering the discoveries of the
fall of 1974. At the same time it was suggested [19] that charm and anticharm quarks
form unusually narrow vector meson bound states due to gluons carrying colour and
coupling with a strength that decreases for increasing mass scales.

The theoretical tools were thus in place to deal with the surprising observations about
to be made.

2°3.3. The October revolution of ’74. It is fair to say that the experimental signatures
described above did not convince the skeptics — they needed a Damascus experience to
turn from ‘Saulus’ into ‘Paulus’, from disbelievers into believers. Such an experience was
provided by the October revolution of 1974, the discovery of the J/4 and 9’ viewed
as absurdly narrow at the time. It provides plenty of yarn for several intriguing story
lines [1]. One is about the complementarity of different experiments, one about the value
of persistence and of believing in what one is doing and there are others more. On
the conceptual side these events finalized a fundamental change in the whole outlook of
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the community onto subnuclear physics that had been initiated a few years earlier, as
sketched above: it revealed quarks to behave as real dynamical objects rather than to
represent merely mathematical entities.

One exotic explanation that the J /4 represents an 2 bound state fell by the wayside
after the discovery of the v»’. The two leading explanations for the new threshold were
charm production and ‘colour thaw’. Since the early days of the quark model there
were two types of quarks, namely the Gell-Mann-Zweig quarks with fractional charges
and the Han-Nambu [20] quarks with integer charges. Of those there are actually nine
grouped into three triplets, of which two contained two neutral and one charged quark
and the last one two charged and one neutral quark. The Han-Nambu model was actually
introduced to solve the spin-statistics problem of baryons being S-wave configuration of
three quarks. The idea of ‘colour thaw’ is to assume that up to a certain energy each of
the three triplets acts coherently reproducing results as expected from Gell-Mann-Zweig
quarks, i.e. R = 2. Above this energy those ‘colour’ degrees of freedom get liberated to
act incoherently as nine quarks producing R = 4!

Charm gained the upper hand since it could provide a convincing explanation for
the whole family of narrow resonances as ‘ortho-’ and ‘para-charmonia’ in a dramatic
demonstration of QCD’s asymptotic freedom. ‘Colour thaw’ could not match that feat.

Yet the final proof of the charm hypothesis had to be the observation of open charm
hadrons. In one of the (fortunately) rare instances of nature being malicious, it had
placed the 717~ threshold close to the charm threshold. Typical signatures for charm
production — increase production of strange hadrons and higher multiplicities in the final
state — were counteracted by 717~ events, the decays of which lead to fewer kaons and
lower hadronic multiplicities. It took till 1976 till charm hadrons were observed in fully
reconstructed decays.

2'3.4. The role of colour. The need for the quantum number ‘colour’ had arisen even
before the emergence of QCD as the theory for the strong interactions. On the one hand
there was the challenge of reconciling Fermi-Dirac statistics with identifying the €~
baryon as an sss system in the symmetric J = 3/2 combination: having colour degrees
of freedom would allow for the wavefunction being odd under exchange for an S-wave
configuration. On the other hand the aforementioned avoidance of the ABJ anomaly
implied the existence of three colours for the quarks.

‘Colour’ is of course central to QCD. Its introduction as part of a non-abelian gauge
theory is required by the need for a theory combining asymptotic freedom in the ultra-
violet and confinement in the infrared. With three colours ggq combinations can form
colour singlets.

It should be noted that studying ete~ — hadrons around the charm threshold
revealed several other manifestations of colour:

(i) It had been noted before the discovery of the J/v that three colours for quarks are
o(ete”—had.)
o(ete-—ptp—)
dynamics. Yet this argument was not viewed as convincing till data indeed showed that
R below and (well) above the charm threshold could be adequately described by two
‘plateaus’ — i.e. relatively flat functions of the c.m. energy — with their difference in
height approximately N¢ >, €2 = 4/3.

(ii) The amazingly narrow width of the J/4) resonance can be ascribed naturally to the
fact that the decay of this ortho-charmonium state to lowest order already requires the
cc to annihilate into three gluons making the width proportional to ag. It is amusing

to remember that one of the early competitors to the ¢€ explanation for the J/v was

needed to also accommodate the observed value of R = within quark
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the speculation that the colour symmetry is actually broken leading to the existence of
non-colour singlets in the hadronic spectrum.
(iii) The lifetime of 7 leptons is reproduced correctly by scaling it from the muon lifetime

5
Tr ™~ Ty - (:—f) . 2-‘1-;1\70 with Ve = 3; N¢ = 2 or 4 would not do. Likewise for the

prediction of the leptonic branching ratio BR(7 — evp) ~ ﬁ = 0.2 for N¢ = 3.
This is remarkably close to the experimental number BR(T — evv) ~ 0.1784 with the
difference understood as due to the QCD radiative corrections. (iv) Similar estimates
were made concerning the lifetime and semileptonic branching ratio for charm. Yet the
former is a rather iffy statement in view of 7. oc m_® and the complexity of defining a
charm quark mass. The latter, which argues in favour of BR(c — evs) ~ 1/(2+ N¢)
(again modulo QCD radiative corrections) is actually fallacious if taken at face value.
These two points will be explained in Sect. 6°4.

3. — Experimental Environments and Instruments

The birth of the charm paradigm and its experimental confirmation fostered a time
of development in experimental techniques, which has few parallels in the history of high
energy. For charm was predicted with a set of properties that facilitate their observation.
Its mass was large by the times’ standards, but within reach of existing accelerators. It
possessed charged current couplings to d and s quarks, and therefore should be visible
in neutrino beams available then; et e~ colliders had come into operation. Open charm
would decay preferentially to final states with strangeness, making them taggable by
particle ID detectors able to discriminate kaons from protons and pions. Hidden charm
states would have a large decay rate to lepton pairs providing a clean and signature.
Charm lifetimes would be small, but within reach experimentally. Charm would decay
semileptonically, thus providing chances of observing the relatively easy to detect muon.

In this section we will retrace the historical development, from which we will draw
lessons on the production environments - focusing on various colliders versus fixed target
set-ups - and then sketch key detector components.

3'1. On the history of observing charm. —

3'1.1. Hidden charm. The J/4 was discovered simultaneously 1974 by two experi-
ments, one at the Brookhaven fixed target machine with 30 GeV protons and the other
one at SLAC’s SPEAR et e~ collider, neither of which was actually searching for charm.
Ting’s experiment studying pBe — ete™ + X, after having been rejected at Fermilab
and CERN, was approved at BNL to search for the possible existence of a heavy photon,
i.e., a higher mass recurrence of the p, ¢, and w mesons. Richter’s group at SPEAR
on the other hand was interested in the energy dependence of et e~ annihilation into
hadrons. In 1974 Ting’s group observed a sharp enhancement at M (eTe™) = 3.1 GeV.
They did not announce the result waiting some months to confirm it. Finally they went
public together with Richter’s SLAC-LBL experiment, which observed a sharp resonant
peak at the same energy in the interactions eTe™ — putu~,ete”. The ADONE
ete™ collider at Frascati found itself in the unfortunate circumstance of having been
designed for a maximum center-of-mass energy of 3.0 GeV. Immediately after the news of
the J /1 observation was received, currents in ADONE magnets were boosted beyond de-
sign limits, a scan in the 3.08-3.12 GeV was carried on and the new resonance found and
confirmed. Three papers [21],[22], [23], announcing the J/v discovery appeared in early
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December 1974 in Physical Review Letters () Within ten days of the announcement of
the J/4’s discovery the SLAC-LBL group at SPEAR found another narrow resonance,
the ¥’ at 3.7 GeV [25]. Soon thereafter other actors entered the stage, namely DESY’s
DORIS storage ring, where the DASP collaboration found a resonance just above charm
threshold, the 1" at 3.77 GeV [26]. Over the years a very rich and gratifying experimen-
tal program was pursued at SPEAR and DORIS by a succession of experiments: MARK
I - III, Crystal Ball, DASP, PLUTO etc. Their achievements went well beyond mapping
out charmonium spectroscopy in a detailed way: a host of new experimental procedures
was established — actually a whole style of doing physics at a heavy flavour ‘factory’ was
born that set the standards for the later B factories.

Only charmonium states with JP€ = 17~ can be produced directly in eTe™ to
lowest order in a. A novel technique was developed allowing the formation of other states
as well, namely through low energy pp annihilation . This was pioneered at CERN by
experiment R704 using a p beam on a gas jet target. It led to greatly enhanced accuracy
in measuring masses and widths of x¢1,2 states [27]. The same technique was later used
by Fermilab experiment E760 and its successor E835.

The shutdown of SPEAR and the upgrade of DORIS to study B physics created a
long hiatus in this program, before it made a highly welcome comeback with the BES
program and now with CLEO-c.

3'1.2. Open charm. Hadrons with open charm had to be found before charm could be
viewed as the established explanation for the J/4). Indirect evidence for their existence
surfaced in neutrino experiments. An event apparently violating the AQ = —AS rule
was detected at Brookhaven [29], and opposite-sign dimuon events were observed as well
[14, 30]. At CERN neutrino-induced p~et V9 events were seen [31, 32] indicating that
the new resonance was correlated with strangeness in weak reactions as required by the
presence of charm.

An intense hunt for finding charm hadrons at accelerators was begun (°); the MARK I
collaboration found the prey through narrow mass peaksin K7+, K ntnt, K~ ntatnx—
[34, 35] for the iso-doublet D° and DT, i.e. in final states that had been predicted [18].
D mesons were soon thereafter detected also in neutrino- [36], hadron- [37] and photon-
induced [38] reactions.

3'1.3. Measuring charm lifetimes. Not surprisingly, the first experimental evidence
for weakly decaying charm hadrons was obtained in an emulsion experiment exposed to
cosmic rays [8], Fig. 3. For till after the time of the J/4 discovery only photographic
emulsions could provide the spatial resolution needed to find particles with lifetimes of
about 10713 sec. Their resolving power of about 1 micron was a very powerful tool
for tracking charm particles; moreover identification of particles and their kinematical
properties could be inferred by measuring ionisation and multiple scattering.

Emulsion experiments had become much more sophisticated since their early successes
in discovering the pion and the strange particles: in the early 1950’s it had been proposed
[40] to combine packs of thick metal plates, acting as absorber or target, with thin
emulsion layers for tracking. This type of hybrid detector was developed mainly in
Japan and successfully used in cosmic ray studies. ”One can say that nuclear emulsion

(*) The history of the J /1) discovery is described in full, including comments of the main actors,
in [24].
(®) The question whether there are more than four quarks was soon raised [33].
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Fig. 3. — First charm candidate event in nuclear emulsions [8]. Figure from Ref. [12].

was the ancestor technique of heavy quark physics” [41]. By 1974 one had already seen
lifetime differences between charged and neutral charm hadrons in cosmic ray emulsion
data [42], although that was largely ignored outside Japan.

Hybrid detectors, where a forward spectrometer complements emulsions, were then
used to study charm at accelerators. Experiments were done at Fermilab from 1975 to
1979 with 205 GeV [43] and 400 GeV [44] proton beams. Those experiments detected
the first charm event (and even a charm particle pair) at accelerators. By the end of the
seventies, the numbers of charm detected in emulsions at accelerators exceeded the one
from cosmic rays. However statistics was still limited to a total of few tens events.

To overcome this limitation, the traditional visual inspection and reconstruction of
events in nuclear emulsions was gradually replaced by computer techniques — from semi-
automatic scanning machines [45] to fully automatic systems driven by the forward spec-
trometer tracking information [46] . The new technique saved time in both finding and
reconstructing candidate events without introducing a bias in event selection. In 1979,
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in a few months five thousand events were analysed in an experiment on negative pion
beam of 340 GeV at Cern [47], and the huge (at the time) number of four charm pairs,
five charged and three neutral charm particles were detected.

These improved emulsion techniques were applied in full to study charm neutrino
production by E531 at Fermilab and by CHORUS at CERN. The E531 collaboration
[48] collected more than 120 charm events; among its most notable results was the con-
firmation of the lifetime differences first seen in cosmic ray data a few years earlier [49].

This new technique contributed also to early beauty searches. WA75 at CERN using
a 350 GeV pion beam was the first to detect beauty hadrons[50] in a hadron beam. In a
single event both beauty hadrons B and B were detected, and their decays into charmed
particles observed clearly showing the full sequence of decays from beauty to light quark.
WAT5 detected about 200 single charm pairs events, among them two peculiar ones with
simultaneous production of two pairs of charm.

The CHORUS detector[51] combined a nuclear emulsion target with several electronic
devices. By exploiting a fully automated scanning system it localized, reconstructed and
analysed several hundred thousand interactions. A sample of about 1000 charm events, a
ten-fold increase over E531, was obtained by CHORUS. This big sample should allow the
measurement of the, so far never measured, total charmed-particle production inclusive
cross-section in antineutrino induced event [52].

The scanning speed achievable with fast parallel processors increases by about one of
magnitude every three years. Soon a scanning speed of 20 cm? /s should be possible[53].
These developments assure a continuing presence of emulsion techniques in high energy
physics.

Bubble chambers made important contributions as well. Charm decays were seen in
the 15 ft bubble chamber at Fermilab [54]. Very rapid cycle bubble chambers coupled
with a forward magnetic spectrometer contributed since the early days of charm physics
at Fermilab [55] and Cern [56]. LEBC was utilized by NA16 and NA27 searching for
charm states at CERN , while SLAC operated the SHF (Slac Hybrid facility). Yet these
devices have remained severely limited in the statistics they can generate, due to low
repetition rate of 20-40 Hz, the short sensitivity time 200 microseconds, and to the small
fiducial volume. Thus they are of mainly historical interest now.

3'1.4. The silicon revolution. Charm quark physics witnessed in a very distinct
fashion the very transition from image to logic[57] which is common to several fields of
particle physics. Turning point of such transition was the replacement of emulsions and
bubble chambers with electronic imaging devices.

The NA1 experiment at CERN was one of the first experiments that introduced silicon
and germanium devices into the field (8). This was soon followed by one of the major
breakthroughs in the detector techniques of the last 20 years: the silicon microstrip
high-resolution vertex detector .

To measure lifetimes, NA1 used a telescope composed of several silicon detectors
(150-300 microns thick) with beryllium sheet targets in between, installed directly in
the photon beam Fig.5. The telescope acts as an active target: when an interaction
occurs, the silicon device detects the energy released by the recoil system (the nuclei or

(6) The degree to which charm’s arrival in the data produced a revolution not merely in our view
of fundamental dynamics, but also in detector science can be seen from the fact that experiments
converted their objectives in flight to new quests. E.g., NA1 at CERN was originally designed
to study hadronic fragmentation (as its FRAMM name recalls).
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a proton) and by particles emerging from the interaction points. The pattern on the
detected energy in the subsequent detectors identifies production and decay locations
along the silicon telescope. The recoil fragment or nucleon releases sufficient energy to
identify the interaction point even when the emerging particles were neutral. The ideal
sequences of energy-deposited steps are shown in Fig.5, for photoproduction of both
charged and neutral charmed mesons pairs compared to a typical event configuration.
The first determination of the time evolution curve of a charmed particle was obtained by
NAT1 collaboration with this innovative device proving a lifetime of 9.51‘?:; 10~ 18 s out
of a sample of 98 events [58]. NA1 published data also on the A, lifetime and production
asymmetry|[59].

Finally microstrip vertex detectors were brought to the scene. This new device al-
lowed one to perform tracking of particles trajectories upstream of the forward spectrom-
eter magnetic field, and to reconstruct with precision the primary (production) and the
secondary (decay) vertices of short living particles in the events. It moved lifetime deter-
minations to the fully digital state and also opened the field to search and study specific
decay channels. Microstrip vertex detectors are composed of several stations, each formed
of three microstrip planes typically 200-300 micron thick, with strips running at different
orientation. Between the target (passive Cu or Be bulk or active silicon telescope) where
the interaction occurs (primary vertex), and the subsequent decay (secondary vertex)
there is an empty region were most of the searched decays should happens, whose size
must be optimised taking into account expected lifetimes and their relativistic boost.
A second series of microstrip detectors is placed at the secondary vertex location and
downstream to it. This configuration allows one to reconstruct the sequence of decay
vertices, and to link emitted tracks to those reconstructed in the forward spectrometer.
The strips typically were 20-100 micron wide, 20-50 micron pitch. Spatial resolutions on
the plane perpendicular to the beam of the order of several microns were obtained. The
multiple Coulomb scattering limits to 4-5 mm the total thickness allowed. The first ex-
amples of this kind of apparatus are ACCMOR[60] on hadron beams and NA14 (Fig.6),
E691 (Fig.7) on photon beams.

By the mid-80’s fixed target experiments using microstrip vertex detectors had become
mature, the technique migrated from CERN to the US, experiments with thousands of
channels were built and took data for more than ten years. The two main experiments
at fixed target were operated at FNAL: E691 [61] (later running also as E769 and E791)
and E687[62], later upgraded to E831-FOCUS. At present the overall largest statistics
with more than a million identified charm events has been accumulated by E831-FOCUS,
which concluded data taking eight years ago. In the meantime CLEO at Cornell’s CESR
ring — for a long time the only B factory in the world — passed through several upgrades
and developed new methods of analysis. LEP produced a heavy flavour program at the
Z° that had not been foreseen. Finally the second generation B factories at KEK and
SLAC arrived on the scene at the end of the millennium. They have obtained charm
samples of similar size to FOCUS and will surpass it considerably in the coming years.

The discovery of charm had been largely a US affair, yet CERN experiments made a
dramatic entry in the second act with conceptually new detectors and mature measure-
ments.

Semiconductor detector technology migrated from nuclear to high-energy physics ex-
periments where it attained its apogee. It had a truly far reaching impact: (i) The
resulting technology that allows tracing lifetimes of about few x 10712 s for charm was
‘on the shelves’ when beauty hadrons were discovered with lifetimes around 1 ps. This
was a ‘conditio sine qua non’ for the success of the B factories. (ii) It is essential for
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Fig. 5. — Ge-Si active target of CERN NA1 experiment (left). A DT D~ event and corresponding
pulse height pattern in target (right). From Ref. [63].

heavy flavour studies at hadronic machines. (iii) The resulting B flavour tagging was
essential - and will continue to be so - in finding top production through its decays to
beauty hadrons. (iv) It will be an indispensable tool in future Higgs searches.

32. The past’s lessons on the production environment. — The historical sketch pre-
sented above shows that practically the high energy physics’ whole pantheon of exper-
imental techniques has contributed to charm physics. We can draw various lessons for
the future of heavy flavour physics from the past experiences.

The cleanest environment is provided by ete™ annihilation, where threshold ma-
chine, B and Z° factories complement each other. Threshold machines like SPEAR and
DORIS in the past, BES in the present and also CLEO-c in the future allow many unique
measurements benefiting from low backgrounds and beam-energy constraints. They suf-
fer somewhat from the fact that the two charm hadrons are produced basically at rest
thus denying microvertex detectors their power. A Z9 factory, as LEP and SLC have
been, on the other hand benefits greatly from the hard charm fragmentation: the high
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momenta of the charm hadrons and their ‘hemispheric’ separation allows to harness the
full power of microvertex detectors; similar for beauty hadrons. The LEP experiments
ALEPH, DELPHI, L3 and OPAL together with SLD have made seminal contributions
to our knowledge of heavy flavour physics in the areas of spectroscopy, lifetimes, frag-
mentation functions, production rates and forward-back asymmetries. The advantage of
B factories is their huge statistics with low background level. We are probably not even
near the end of the learning curve of how to make best use of it.

Photoproduction experiments have been a crucially important contributor. The
charm production rate is about 1/100 of the total rate with a final state that is typ-
ically of low multiplicity. A crucial element for their success was the ability to track the
finite decay paths of charm hadrons routinely, which has been acquired due to the dedi-
cated R & D efforts described above. Their forte is thus in the areas of time-dependent
effects like lifetimes, D — DO oscillations and CP violation there.

The largest cross sections for charm production are of course found in hadroproduc-
tion. In high energy fized target experiments one has to deal with a signal to background
of a priori about 1/1000 with high multiplicity final states. That this challenge could
be overcome again speaks highly of the expertise and dedication of the experiments. At
hadron colliders like the TEVATRON the weight of the charm cross section is higher —
about 1/500 of the total cross section — yet so is the complexity of the final state. CDF,
which previously had surprised the community by its ability to do high-quality beauty
physics, is pioneering now the field of charm physics at hadron colliders with its ability
to trigger on charm decays. A silicon vertex tracker [65] reconstructs online the track
impact parameters, enriching the selected data set of charm events, by triggering on
decay vertices. First charm physics results from CDF seem promising[66].

On the novel idea of using cooled antiproton beams impinging on an internal proton
jet target was commented in Sect.3'1.1. Such a technique allowed formation studies of
charmonium states other than 177, was pioneered at CERN by experiment R704 and
further refined by Fermilab experiments E760 and E835 [27, 28, 29].

Charm baryon production at fixed target by means of hyperon beams sees SELEX at
Fermilab as probably the last exponent of a technique which is able to provide unique
information on production mechanisms (Sect.5), as well as on charmed baryon properties.

Studies of charm and beauty production at deep inelastic lepton nucleon scattering as
done at HERA primarily act as tools for a better understanding of the nucleon’s structure
in general and the gluon structure functions in particular.

3'3. Key detector components. — The arrival of charm on the market produced a major
revolution, not only in physics, but also in detector science. The distinct properties
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Fig. 8. - ARGUS Detector (elevation view from ref.[68]).

predicted for charm decays (mentioned in Sect.3: short but finite lifetime, dominance of
kaon decays, relevant branching ratio for semimuonic decays) gave a definite roadmap
for the development of new experimental techniques.

Experiments suddenly converted on flight their objectives to the new physics quests,
and a big R&D adventure started to conceive new devices able to reach the needed spatial
resolutions. This pushed the migration of the semiconductor detector technique from
nuclear to high-energy experiments. First ideas relied on silicon active targets, where
jumps in silicon pulse height would be a signal for jumps in charged particle multiplicity,
i.e., of a charm decay point. Space resolution was limited by the thickness of the silicon
targets. Key element for the transition to modern charm lifetime measurements was the
silicon microstrip detector. Such a transition could not have been accomplished without
the development of DAQ systems able to handle the very large dataflow provided by the
huge number of channels in microstrip detectors. The advantage given by the Lorentz
boost at fixed-target experiment was immediately realized. It was also realized that,
given the statistical essence of the lifetime measurement, a very large data sample was
needed to reach high statistical precisions. Porting of silicon microstrips to collider
charm experiment is a relatively recent history pioneered by CLEQO, and fully embraced
by B-factories by the usage of asymmetric beams in order to avail of some Lorentz
boost. Silicon pixels were the natural quantum leap from microstrip detectors, providing
two-dimensional readout, reduced thickness and therefore less multiple scattering, lower

Fig. 9. — CLEO-2 Detector (From ref. [69]).
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track occupancy and better space resolution, at the cost of a much increased number
of readout channels. In the course of R&D for vertex detectors for charm, several good
ideas were investigated, such as the use of scintillating fibers as micron-resolution tracking
devices[70] which did not last in charm physics but had many applications in HEP, or
elsewhere.

Vertex reconstruction for charm decays is intimately linked to the possibility of trig-
gering on it. Charm physics at hadron colliders was born very recently with the success
obtained by CDF at Tevatron in exploiting a hadronic trigger based on the online recon-
struction of vertex impact parameters. Future experiments such as BTeV at Fermilab
(see Sect.13°2.6) plan an aggressive charm physics program based on a first level trigger
selecting events with secondary vertices reconstructed in pixel detectors.

Particle identification, namely the rejection of pions and protons against kaons, was
immediately recognized as a winner in charm physics. In pioneer ete™ experiments
this was basically limited to an identification based on —dFE /dx measurement with
gas tracking devices. Thanks to the favourable geometry, fixed target experiments could
make use of threshold Cerenkov counters. Ring-imaging Cerenkov counters only appeared
at eTe™ colliders with CLEO, and have been further improved with B-factories. The
unique role of semielectronic and semimuonic decays in understanding the underlying
hadron dynamics gave momentum to electron and muon particle identification techniques,
with collider experiments traditionally more efficient in identifying the former, and fixed
target experiments favoured by the higher muon momentum is deploying muon filters
and detectors.

Finally, electromagnetic calorimetry was recognized as a necessity in charm physics by
CLEO II, with the operation of a world-class CsI crystal array. Photon and 7° detection
initially provided textboook measurements such as measurements [71] of BR(D° —
7070) decays to study, when compared to the charged pion modes, isospin amplitudes.
Measurements [72] of 7° decays for D unveiled isospin-violating processes thus open-
ing the way to exploring the full L=1 excited mesons spectroscopy with neutrals, until
the very recent observations by BABAR and CLEO of the enigmatic D% ;(2317) states
discussed in detail in Sect.6. Such a lesson was deeply metabolized by the physics commu-
nity and translated to B physics and CKM matrix investigations: planned experiments
such as BTeV do foresee the use of sophisticated em calorimeters for detection of photons
and 7°.

This section cannot be considered complete without mentioning how the invention
of WEB in the 1990’s by the HEP community soon was devised as a crucial tool for
developing online monitoring systems which would actually span borders, oceans and
frontiers — the first truly-WEB-based online monitoring system was developed for a
charm experiment [73]. As a summary of the last two sections we show in Tab.I and
Tab.IT features of present and future experiments, reserving a full discussion of future
initiatives at the end of this paper.

4. — Theoretical Technologies

The relationship between the world of hadrons experiments have to deal with and
the world of quarks (and gluons) in which our basic theories are formulated is a highly
complex one. Quarks undergo various processes of hadronization, namely how they ex-
change energy with their environment, how they end up asymptotically in hadrons and
specifically in what kinds of hadrons, etc.

Almost all theoretical concepts and tools used in high energy physics are relevant for
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TABLE 1. — Charm in today’s experiments. Sample column shows number of reconstructed events.
A M is the typical mass resolution, At is the typical proper time resolution.

| | Beam | Sample | AM MeV | Atfs| ocz/or |
CLEO eTe (T (4s)) 1.510° D 0.3 200 ~1/5
BABAR eTe (Y (4s)) 1.510° D 0.3 200 ~1/5
BELLE eTe™ (Y (4s)) 1.510°D 0.3 200 ~1/5
E791 m 500 GeV 2.510° D 1 50 1/1000
SELEX m, %, p 600 GeV 1.710% AF 1 40 1/1000
FOCUS ~ 200 GeV 110°D 1 40 1/100
CHORUS vy 27 GeV 210D 1/20
E835 pp <8 GeV 410° xco 2 1/70000
BES ete (J/v) 6107 J /4 1 ~1
CDF pp 1 TeV 1.510° D 2 1/500
HERA Expts. ep 100 GeV 1 1/100
LEP Expts. ete  (2°) 110° D 1 100 1/10

treating charm physics in particular, albeit often with quite specific features. From the
outset it had been realized — or at least conjectured — that hadronization’s impact on
charm transitions would become more treatable than for ordinary hadrons due to the
large charm mass:

® Producing charm from a charmless initial state requires an energy concentration
that places in into the realm of short distance dynamics, which can be described
perturbatively with sufficient accuracy. It is understood here that one considers
production well above threshold since complexities associated with the opening
of individual channels can invalidate a short-distance treatment, as discussed in
Sect.4'11. At such high energies it is expected that (inclusive) hadronic rates can
be approximated with rates evaluated at the quark-gluon level, i.e. that quark-
hadron duality should hold with sufficient accuracy. This topic will be addressed
in Sect.4'11.

e To identify charm production experimentally one typically has to deal with charm

TABLE II. — Charm in future experiments.

Beam Lumin. Cross sect. | [L # events c¢ | S/B
cm 257! in 107 s | recon’d/y

BTEV pp 1 TeV 21032 500ub cé | 2 b1 108 fair
LHCB pp 7 TeV 2103%? 1000pb cé | 2 b1 — —
CLEO-C ¥(3770) 21032 10 nb cé 2 b1 210° large
COMPASS | wCu FT 11032 10 ub ce 1fbt 5108 fair
BABAR ete (Y (4s)) | 310% 1.2 nb bb 30 b~ | 410° large
BELLE eTe  (Y(4s)) | 310% 1.2 nb bb 30 fb~' | 410° large
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fragmentation, i.e. the fact that charm quarks give off energy before they hadronize.
For asymptotically heavy quarks such fragmentation functions are expected to turn
into delta functions [74]. For charm quarks they should already be ‘hard’ with the
final charm hadron retaining a large fraction of the primary charm quark energy.
A simple quantum mechanical ansatz yields a single parameter description that
describes data quite well [75].

e The lifetimes of weakly decaying charm hadrons were expected to exhibit an ap-
proximate ‘partonic’ pattern with lifetime ratios close to unity, in marked contrast
to strange hadrons. We will sketch the reasons for such expectations and explain
their shortcomings.

Very significant progress has happened in formalizing these ideas into definite frameworks
that allow further refinements.

e Corrections of higher orders in ag have been computed for cross sections, structure
and fragmentation functions.

e Different parameterizations have been explored for the latter.

e Heavy quark expansions have been developed to describe, among other things, weak
decays of charm hadrons.

e Considerable efforts have been made to treat charm hadrons on the lattice.

The goal in sketching these tools and some of their intrinsic limitations is to give the
reader a better appreciation of the results to be presented later rather than complete de-
scriptions. Those can be found in dedicated reviews we are going to list at the appropriate
places.

4'1. The stalwarts: quark (and bag) models. — Quark models (actually different classes
of them, nonrelativistic as well as relativistic ones) have been developed well before the
emergence of charm. They cannot capture all aspects of the quantum world. Their
relationship with QCD is actually somewhat tenuous, unlike for the second generation
technologies described below. Quark model quantities like quark masses, potential pa-
rameters etc. cannot be related reliably to SM quantities defined in a quantum field
theory. Varying these model quantities or even comparing predictions from different
quark models does not necessarily yield a reliable yardstick for the theoretical uncertain-
ties, and no systematic improvement on the error is possible.

Nevertheless considerable mutual benefits arise when quark models are applied to
charm physics. Often quark models are the tool of last resort, when tools of choice, like
lattice QCD, cannot be applied (yet). They can certainly educate our intuition and help
our interpretation of the results obtained from more refined methods. Lastly they can be
invoked to at least estimate certain matrix elements arising in heavy quark expansions,
QCD sum rules etc.

Quark models on the other hand are trained and improved by the challenges and
insights offered by charm physics. Charmonia constitute the most suitable systems for
a description based on inter-quark potential. Open charm mesons consisting of a heavy
and a light quark represent a more direct analogy to the hydrogen atom than light-flavour
hadrons. Charm baryons, in particular those with C' = 2, offer novel probes for quark
dynamics: the two charm quarks move in close orbits around each other like binary stars
surrounded by a light quark farther out.
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Bag models — in particular their protagonist, the MIT bag model [76] — were very
much en vogue in the 1970’s and 1980’s. The underlying idea actually impresses by its
simplicity. One implements the intuitive picture of quarks being free at short distances
while permanently confined at long distances in the following way: one describes a hadron
at rest as a cavity of fixed shape (typically a spherical one), yet a priori undetermined
size; the quark fields are assumed to be free inside the cavity or ”bag”, while to vanish
outside; this is achieved by imposing certain boundary conditions on the quark fields on
the interface between the inside and outside of the bag. The resulting wavefunctions are
expressed in terms of spherical Bessel functions; they are relativistic and can be used
to evaluate matrix elements. Again open charm mesons lend themselves quite readily
to a description by a spherical cavity. Bag models have gained a second lease on life in
nuclear physics under the names of ”cloudy bag models” or ”chiral bag models”; clouds
of pions and kaons are added to the bag to implement chiral invariance.

4'1.1. Quarkonium potential. Since QCD dynamics at small distances can be treated
perturbatively, one expects the interactions between very heavy flavour quarks to be well
approximated by a Coulombic potential. This expectation can actually be proven using
NRQCD to be sketched below; the resulting description is an excellent one for top quarks
[77] due to their enormous mass and their decay width I's > Agep [9] providing an
infrared cutoff.

The situation is much more involved for charm quarks. Unlike for ¢ quarks, éc bound
states have to exist. The fact that m. exceeds ordinary hadronic scales suggests that a
potential description might yield a decent approximation for ¢c dynamics as a sequence
of resonances with a narrow width, since they possess only Zweig rule (see Sect.4'10.5)
violating decays, and with mass splittings small compared to their masses in qualitative
analogy with positronium, hence the moniker charmonium. That analogy can be pursued
even further: there are s-wave vector and pseudoscalar resonances named ortho- and para-
charmonium, respectively, with the former being even narrower than the latter. For while
paracharmonia can decay into two gluons, orthocharmonia annihilation has to yield at
least three gluons: T'([ec]j=1) o a¥(m.)|¥(0)]? vs. T'([éc]y=0) x aZ(m.)|y(0)|?;
1(0) denotes the éc wavefunction at zero spatial separation, which can be calculated for
a given Cc-potential.

For the latter one knows that it is Coulombic at small distances and confining at large
ones. The simplest implementation of this scenario is given the ansatz

(3) V(r):é—i—Br—i—VO.

One finds the energy eigenvalues and wavefunctions by solving the resulting Schrodinger
equation as a function of the three parameters A, B, Vy, which are then fitted to the
data.

4°2. Charm Production and fragmentation. — Producing charm hadrons from a charm-
less initial state requires an energy deposition of at least 2Mp into a small domain (or
at least Mp in neutrino production). Such production processes are thus controlled
by short distance dynamics — unless one asks for the production of individual species
of charm hadrons, considers only a very limited kinematical range or special cases like
leading particle effects. It has to be understood also that charm production close to its
threshold cannot be described by short distance dynamics since relative momenta be-
tween the ¢ and ¢ are low and the opening of individual channels can dominate the rate.
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For a perturbative treatment one has to stay at least a certain amount of energy above
threshold, so that the relevant momenta are sufficiently large and a sufficient number of
exclusive channels contribute; some averaging or ‘smearing’ over energy might still be
required. This minimal amount of energy above threshold is determined by nonperturba-
tive dynamics. Therefore we refer to it generically as Anpp; sometimes we will invoke
a more specifically defined energy scale like A denoting the asymptotic mass difference
for heavy flavour hadrons and quarks — A = limy,,—c0 (M (Hg) — mg). On general
grounds one guestimates values like 0.5 — 1 GeV for them (7).

We do not have the theoretical tools to describe reliably charm production close to
threshold — a region characterized by resonances and other prominent structures. Yet
well above threshold violations of duality will be of no real significance; the practical
limitations are then due to uncertainties in the value of m,. and the input structure
functions. It is important to keep in mind that m. has to be defined not merely as a
parameter in a quark model, but in a field theoretical sense. Among other things that
means that it will be a scale-dependent quantity like the QCD coupling ag.

Furthermore one cannot automatically use the same value for m. as extracted from
heavy flavour decays, since the impact of nonperturbative dynamics will differ in the two
scenarios. The charm quark mass that enters in production and in decay processes is of
course related. The tools to identify this relationship are available; however it has not
been determined explicitly yet. Similar comments apply to the masses of strange and
beauty quarks.

After charm quarks have been produced well above threshold, they move relativisti-
cally and as such are the source of gluon radiation: ¢ — ¢ 4+ gluons. Such reactions
can be treated perturbatively for which well-defined prescriptions exist based on shower
models. This radiation degrades the charm quark energy till its momentum has been
lowered to the GeV scale, when nonperturbative dynamics becomes crucial, since the
charm quark will hadronize now:

(4) Q — Hqo(=1[Qq)) +4

On very general grounds [74] one expects the fragmentation function for asymptotically
heavy quarks to peak at z =~ 1, where z = pn,/pPq denotes the ratio between the
momentum of the emerging hadron and of the primary (heavy) quark with a width
ANpp/mg on dimensional grounds. This conjecture has been turned into an explicit
ansatz by approximating the amplitude T(Q — Hg + q) with the energy denominator

(AE)™!, where AE = Ep, + Eq — Eq = \/zsz +m3 + \/(1 — 2)2P2 y m2 —

1
expression for the fragmentation function :

\/P2+md oc 1 — % + 7= with e = mz/mg) Hence one arrives at the following

z(1 — 2)2
[(1—2)2+ez]2’

() D(z) o

which is strongly peaked at z = 1.

(") Strictly speaking they should not be identified with Agcp entering in the argument of the

running strong coupling — as(Q?) = 4w/ (ﬂolog A2Qz ) — although they are all related to
QCD
each other.
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Naively one expects z < 1 even though the function in Eq.(5) yields D(z) # 0
also for z > 1. However this might not hold necessarily; i.e., the heavy flavour hadron
H g might pick up some extra energy from the ”environment”. In particular in hadronic
collisions charm and beauty production is central; the energy of the QQ subsystem is
quite small compared to the overall energy of the collision. A very small ‘leakage’ from the
huge amount of energy in the environment into QQ and finally Hg system can increase
the latter’s energy — as well as p; — very significantly. Since those primary distributions
are steeply falling such energy leakage would ‘fake’ a larger charm (or beauty) production
cross section than is actually the case [78].

4'3. Effective field theories (EFTh). — Nature exhibits processes evolving at a vast
array of different scales. To describe them, we typically need an explicit theory only for
the dynamics at ‘nearby’ scales; this is called the effective theory. The impact from a
more fundamental underlying theory at smaller distance scales is mainly indirect: the
fundamental dynamics create and shape certain quantities that appear in the effective
theory as free input parameters.

This general concept is realized in quantum field theories as well. For illustrative
purposes let us consider a theory with two sets of fields ®; and ¢; with masses Mg,
and mg,, respectively, where min{ Mg, } > max{mg;}. Let us also assume that the
theory is asymptotically free, i.e. that at ultraviolet scales Ayy > max {Msg,} the
theory describing the interactions of the ‘heavy’ and ‘light’ fields ®; and ¢; can be
treated perturbatively. At lower scales p s.t. min{Msg,} > p > max{mg,} only
the light fields ¢; remain fully ‘dynamical’, i.e. can be excited as on-shell fields. The
dynamics occurring around such scales g can then be described by an effective Lagrangian
Leyys containing operators built from the light fields only. Yet the heavy fields are not
irrelevant: they can contribute to observables as off-shell fields and through quantum
corrections. Such effects enter through the ¢ number coefficients, with which the light
field operators appear in Legy:

(6) L(Auv > Ms) = Z cOi(®,0) = L(Ms > p > mg) =~ Z Ci(2)0; (o)
? (2

One typically obtains a larger set of operators involving a smaller set of dynamical fields.

This factoring is usually referred to as ‘integrating out’ the heavy fields. We will
present two examples explicitly below, namely the effective weak Lagrangian in Sect.4'10.1
and the QCD Lagrangian for static heavy quarks in Sect.4'6.1. The latter example will
also illustrate that effective Lagrangian are typically non-renormalizable; this does not
pose a problem, though, since they are introduced to tackle low- rather than high-energy
dynamics.

4'4.1/N¢ expansions. — As described in Sect.2°3.4 there are several reasons why the
number of colours N¢ has to be three. Yet in the limit of No¢ — oo QCD’s nonper-
turbative dynamics becomes tractable [79] with the emerging results highly welcome :
to leading order in 1/N¢ only planar diagrams contribute to hadronic scattering am-
plitudes, and the asymptotic states are mesons and baryons; i.e., confinement can be
proven then; also the Zweig rule (also called the OZI rule) holds.

Such expansions are employed as follows to estimate at least the size of nonpertur-
bative contributions: one treats short distance dynamics perturbatively with Ng = 3
kept fixed to derive the effective Lagrangian at lower and lower scales, see Sect.4'10.1.
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Once it has been evolved down to scales, where one wants to evaluate hadronic matrix
elements, which are shaped by long distance dynamics, one expands those in powers of
1/Ncl

b
(7) (F1Lessli) o bo + —— + O(1/NE)
C

How this is done, will be exemplified in Sect.9'4. In almost all applications only the lead-
ing term bg is retained, since the next-to-leading term by is in general beyond theoretical
control. In that sense one indeed invokes the N — oo limit.

While 1/N¢ expansions offer us novel perspectives onto nonperturbative dynamics,
they do not enable us to decrease the uncertainties systematically, since we have little
theoretical control over the nonleading term by, let alone even higher order contributions.

4'5. Heavy quark symmetry (HQS). — The nonrelativistic dynamics of a spin 1/2
particle with charge g is described by the Pauli Hamiltonian :

id —gA)? g&-B
(8) Hpaui = —gAo + ( 94) + g
2m 2m

where Ag and A denote the scalar and vector potential, respectively, and B the magnetic
field. In the heavy mass limit only the first term survives:

9) Hpauli — —gAo as m — oo ;

i.e., an infinitely heavy ‘electron’ is static: it does not propagate, it interacts only via
the Coulomb potential and its spin dynamics have become decoupled. Likewise for an
infinitely heavy quark its mass drops out from its dynamics (though not its kinematics of
course); it is the source of a static colour Coulomb field independent of the heavy quark
spin. This is the statement of heavy quark symmetry of QCD in a nutshell.

There are several immediate consequences for the spectrum of heavy-light systems,
namely mesons = [Qq] or baryons = [Qq1q2]:

e In the limit mg — oo the spin of the heavy quark @Q decouples, and the spec-
troscopy of heavy flavour hadrons can be described in terms of the spin and orbital
degrees of freedom of the light quarks alone.

e Therefore to leading order one has no hyperfine splitting:

(10) MDZMD*, MBZMB*

e In the baryons Ag = [Qud] and Eq = [Qsu/d] the light diquark system forms a
scalar; to leading order in 1/mg baryons accordingly constitute a simpler dynam-
ical system than mesons, where the light degrees of freedom carry spin one-half.
Among other things this feature reduces the number of independent form factors
describing semileptonic decays of heavy flavour baryons. We will return to this
point in Sect.8 2.
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e Some hadronic properties are independent of the mass of the heavy quark flavour.
For example, in a transition Q1§ — Q23+ W/~v/Z°” between two heavy quarks
Q1,2 the formfactor, which reflects the response of the cloud of light degrees of
freedom, has to be

— normalized to unity asymptotically for zero-recoil — i.e. when there is no
momentum transfer;

— in general dependent on the velocity v = p/mg only.

e There are simple scaling laws about the approach to asymptotia:

m
(11) Mpg. — Mg ~ — (Mp- — Mp)
myp

(12) MB—MD:mb—chMAb—MAC

The question how quickly the heavy quark case is approached can be addressed through
1/mg expansions sketched below. A priori it is not clear to which degree the statements
listed above apply to the actual charm hadrons with their marginally heavy mass.

Beyond its intrinsic interest of probing QCD in a novel environment there is also
another motivation for studying the spectroscopy of the excitations of charm mesons,
namely to enhance our understanding of semileptonic B meson decays and how to extract
the CKM parameter V' (¢b) there. Rigorous sum rules can be derived from QCD that
relate basic heavy quark parameters relevant to B decays — like quark masses, hadronic
expectation values, the slope of the Isgur-Wise functions — to the observable transition
rates for B — v DJLP  where the produced charm meson DYEP carries fixed spin J,
orbital L and parity P quantum numbers. We will discuss some explicit examples later
on.

4'6. Heavy quark expansions (HQE). — With HQS representing an asymptotic sce-
nario, one can ask whether one can evaluate pre-asymptotic effects. The example of the
Pauli Hamiltonian already shows that the heavy quark mass constitutes an expansion
parameter for describing its dynamics in general and its nonperturbative aspects in par-
ticular. There are two variants for the implementation of such expansions, namely for
(a) describing the dynamics of heavy quarks purely within QCD and (b) the weak decays
of hadrons containing heavy quarks when electroweak forces are included.

4'6.1. QCD for heavy quarks. One starts by decomposing the QCD Lagrangian at
scales larger than mg into a part that contains only light degrees of freedom and one
that contains the heavy quarks:

(13) LQCD(“ > mQ) = ‘Clight(/—l/ > mQ) + Lheavy(ﬂ > mQ)
1
(14) Liight(p > mq) = = GG + > " qi(D —my)q
q
(15) Lheavy(p > mq) =Y Qi(D —mq)Q
Q

with D denoting the covariant derivative. At scales below mg — yet still above normal
hadronic scales — Li;gnt remains basically the same since its degrees of freedom are still
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fully dynamical, whereas Lheavy Undergoes a fundamental change since the heavy quark
cease to be dynamical degrees of freedom:

_ . FoN
[heavy _ Z Q(Z D — mQ)Q + C_GQKO- -GQ + Q2q QrQql'q|+0O (1/m%)
Q ZmQ 2 q,I’ mQ

(16)
where cg and dg q) are coefficient functions: the I'" denote the possible Lorentz covariant
fermion bilinears and o « G = 0., G, with the gluonic field strength tensor G, =
gt“qu. Thus a dimension five operator arises — usually referred to as chromomagnetic
operator — and various dimension six four-fermion operators. When expressing the heavy
quark fields through their static nonrelativistic fields also the so-called kinetic energy
operator of dimension five Ogip, = Q(zﬁ)2Q enters. Since it is not Lorentz invariant,
it cannot appear in the Lagrangian.

This effective Lagrangian is not renormalizable since it contains operators of dimen-
sion higher than four. This is no drawback, though, when treating hadronic spectroscopy.

4'6.2. The Operator Product Expansion (OPE) and weak decays of heavy flavour
hadrons. A powerful theoretical tool of wide applicability is provided by the operator
product expansion a la Wilson [80]. One can apply it profitably when inclusive transi-
tions involving hadrons are driven by short-distance dynamics characterized by a high
momentum or energy scale \/@ . ‘Classical’ examples are provided by deep-inelastic
lepton-nucleon scattering with space-like Q2 and by o(ete™ — had.) for time-like
Q? = s. Starting in 1984 [81] another application has been developed for decays of a
heavy flavour hadron Hg, where the width for a sufficiently inclusive final state can be
expressed as follows [82]:

GEmg(n)

I'(Hq — f) = 19203

|Verm|? [es(myg; p) (Ho|QQ|HQ)| )+

2 — —
pe(Hq, ) (Hq|(QTiq)(qT:Q)|Hq)|
es(my ) =0 4 eqi(mygs ) D8R 4 O(1/mi)
mq i mq N
(17) o
with puZ,(Hq) = (Hq|Q30-GQ|Hg); T'; denote the various Lorentz structures for the
quark bilinears and Vo s the appropriate combination of CKM parameters. Eq.(17)

exhibits the following important features:
e The expansion involves
— c-number coefficients c...(m¢; p) given by short-distance dynamics; they de-
pend on the final state as characterized by quark masses m¢;
— expectation values of local operators controlled by long-distance physics;
— inverse powers of the heavy quark mg scaling with the known dimension of

the operator they accompany.

e A central element of Wilson’s prescription is to provide a self consistent separation
of short-distance and long-distance dynamics implied above. This is achieved by
introducing an auziliary energy scale g demarking the border: short-distance <
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p~1 < long-distance. The heavy degrees of freedom — i.e. with masses exceeding
p — are ‘integrated out’ meaning that their contributions are lumped into the
coefficients c;, which are thus shaped by short-distance dynamics. Only degrees of
freedom with masses below p — the ‘light’ fields — appear as fully dynamical fields in
the local operators. The one exception from this rule are the heavy quark fields Q;
the operators have to be bilinear in Q and Q, since the initial state — the decaying
hadron Hq — carries heavy flavour.

e As a matter of principle observables have to be independent of the auxiliary scale
L since nature cannot be sensitive to how we arrange our computational tasks.
The p dependence of the coefficients ¢; has therefore to cancel against that of the
expectation values due to the operators. In practice, though, the value of p is
not arbitrary, but has to be chosen judiciously for those very tasks: on one hand
one would like to choose p as high as possible to obtain a reliable perturbative
expression in powers of ag(p); on the other hand one likes to have it as low as
possible to evaluate the nonperturbative expectation values in powers of p/meg:

(18) Agep < p K mq

For simplicity we will not state the dependence on p explicitly.

o The expectation values of these local operators are shaped by long-distance dy-
namics. The nonperturbative effects on the decay width — a dynamical quantity —
can thus be expressed through expectation values and quark masses. Such static
quantities are treated more easily; their values can be inferred from symmetry
arguments, other observables, QCD sum rules, lattice studies or quark models.

e The same cast of local operators (Q...Q) appears whether one deals with nonlep-
tonic, semileptonic or radiative decays of mesons or baryons containing one, two
or even three heavy quarks or antiquarks. The weight of the different operators
depends on the specifics of the transition though.

e No O(1/mgq) contribution can arise in the OPE since there is no independent
dimension four operator in QCD (®) [83]. A 1/mg contribution can arise only due
to a massive duality violation; this concept will be discussed in Sect.4'11. Even
then it cannot lead to a systematic excess or deficit in the predicted rate; for a
duality violating contribution has to oscillate around the ‘true’ result as a function
of mg [84]. Thus one should set a rather high threshold before accepting the need
for such a contribution. The absence of such corrections gives rise to the hope that
a 1/m, expansion can provide a meaningful description.

e The free quark model or spectator expression emerges asymptotically (for mg —
oo) from the QQ operator since (Hg|QQ|Hg) =1 + O(l/m?Q), see Eq.(23).

4'6.3. Heavy Quark Parameters (HQP): Quark masses and expectation values. An
internally consistent definition of the heavy quark mass is crucial for 1/mg expansions

() The operator Qi MDQ can be reduced to the leading operator QQ through the equation of
motion.
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conceptually as well as numerically. While this remark is obvious in hindsight, the
theoretical implications were at first not fully appreciated.

In QED one naturally adopts the pole mass for the electron, which is defined as the
position of the pole in the electron Green function (actually the beginning of the cut,
to be more precise). It is gauge invariant, and can be measured, since it represents
the mass of an isolated electron. For quarks the situation is qualitatively different due
to confinement (except for top quarks since they decay before they can hadronize [9]).
Yet computational convenience suggested to use the pole mass for quarks as well: while
not measurable per se, it is still gauge invariant and infrared stable order by order in
perturbation theory. It thus constitutes a useful theoretical construct — as long as one
addresses purely perturbative effects. Yet the pole mass is not infrared stable in full QCD
— it exhibits an irreducible theoretical uncertainty called a renormalon ambiguity [85] :

smBte A .. . .- . .
1:32 ~ O (miq) Its origin can be understood intuitively by considering the energy

stored in the chromoelectric field ECoul in a sphere of radius R > 1/mg around a
static colour source of mass mg [82]:

= R) 1
(19) 0€cou(R) / dBwEgoul o const. — as( )—
1/mq<|Z|<R T R

The definition of the pole mass amounts to setting R — oo; i.e., in evaluating the pole
mass one undertakes to integrate the energy density associated with the colour source
over all space assuming it to have a Coulombic form as inferred from perturbation theory.
Yet in the full theory the colour interaction becomes strong at distances approaching
Ry ~ 1/Agcp, and the colour field can no longer be approximated by a 1/R field.
Thus the long distance or infrared region around and beyond Rg cannot be included
in a meaningful way, and its contribution has to be viewed as an intrinsic uncertainty
in the pole mass, which is then estimated as stated above. Using the pole mass in the
width T’ o< m5Q would generate an uncertainty ~ 5A/mg and thus dominate (at least

parameterically) the leading nonperturbative contributions of order 1/ m2Q one works so
hard to incorporate.

Instead one has to employ a running mass mg(p) defined at a scale p that shields it
against the strong infrared dynamics. There are two kinds of well defined running masses
one can rely on, namely the ‘M S’ mass Mg (mg) (°) and the ‘kinetic’ mass m’g”(u).
The former represents a quantity of computational convenience — in particular when cal-
culating perturbative contributions in dimensional regularization — rather than one that
can be measured directly. For g > mgq it basically coincides with the running mass
in the Lagrangian and is best normalized at o ~ mg. However it diverges logarithmi-
cally for 4 — 0 . It is quite appropriate for describing heavy flavour production like in
Z° — QQ, but not for treating Hg decays, since there the dynamics are characterized
by scales below mq.

The kinetic mass (so-called since it enters in the kinetic energy of the heavy quark)
on the other hand is regular in the infrared regime with [86, 85, 87]

dmgm 16as 4o
(20) Qi(m:___s___SL_FO(QE)
du 9 =« 3 ™ mg

(°) M S stands for ‘modified minimal subtraction scheme’.
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and is well suited for treating decay processes. It can be shown that for b quarks p ~ 1
GeV is an appropriate scale for these purposes whereas g ~ my leads to higher order
perturbative corrections that are artificially large [87]. For charm quarks on the other
hand this distinction disappears since m, exceeds the 1 GeV scale by a moderate amount
only.

There are four classes of observables from which one can infer the value of m., listed
in descending order of the achieved theoretical reliability: (i) the spectroscopy of hadrons
with hidden or open charm; (ii) the shape of spectra in semileptonic B decays driven
by b — ¢; (iii) charm production in deep inelastic lepton nucleon scattering or ete™
annihilation; (iv) the weak decays of charm hadrons.

Another approach to the value of m. is provided by relating the difference mp — me
to the spin averaged masses of charm and beauty mesons:

@) my—me = (Mp) — (Mp) + 47 (- = )+ oa/m2,)

c

(22) i = (HolQ(:D)*Q|Hq)/2My, ;

D denotes the covariant derivative and iD thus the (generalized) momentum; p2 /2mg
therefore represents the average kinetic energy of the quark @ inside the hadron Hg.
This relation is free of the renormalon ambiguity mentioned above. On the down side it
represents an expansion in 1/m., which is of uncertain numerical reliability. Furthermore
in order 1/ mz”b nonlocal operators appear. Later we will give numerical values for m..

The expectation value of the leading operator QQ can be related to the flavour
quantum number of the hadron Hg and operators of dimension five and higher:

~ 1 ”’fr 1 H2G 3
(23) (Hq|QQ|Hq)/2Mpu, =1 — 2m3 + 2m3 + O(1/mg)

The chromomagnetic moment (Hq|Q%o - GQ|Hg) is known with sufficient accu-
racy for the present purposes from the hyperfine splittings in the masses of vector and
pseudoscalar mesons Vg and Pgq, respectively:

(Hq|Qio - GQ|Hg)

24 2(Hp,1 GeV) =
(24)  pg(Hg,1 GeV) 20,

~ 2(M(Vo)? — M(Po)?)

The size of the charm chromomagnetic moment is similar to what is found for beauty
hadrons

(25) w2 (D,1 GeV) ~ 0.41 (GeV)? wvs. pZ(B,1 GeV) ~ 0.37 (GeV)?

and thus in line what one expects for a heavy quark (19).

(*©)One should keep in mind though that for reasons we do not understand the hyperfine
splittings are quite universal: M? — M2 ~ 0.43 (GeV)?, MZ. — M% ~ 0.41 (GeV)>.
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For the Ag = [Qdu] and Eq = [Qsq] baryons we have
(26) pZ(Ag,1 GeV) ~ 0~ p2,(Eg,1 GeV),

since the light diquark system g1q2 in [Qq1g2] carries spin 0 in A, and E.. Yet in the
Qg = [@ss] baryon the ss diquark carries spin one and we have

(27) 12(Qe, 1 GeV) ~ ; (Mz(ng”/?)) — MZ(,) ) .

The kinetic energy expectation values are less precisely known beyond the inequality
[88, 82

(28) p2(Hg) > pZ(Hq)

derived in QCD. To the degree that charm quarks fill the role of heavy quarks one expects
very similar values as for B mesons; i.e.

(29) p2(D,1 GeV) ~ 0.45 + 0.10 (GeV)?.

The largest uncertainties enter in the expectation values for the dimension-six four-
fermion operators in order 1/ m3Q In general there are two classes of expectation values,
namely for SU(3)¢ singlet and octet quark bilinears (Hg|(Qrv.qr)(@ry.Q)|Hg)
and (Hg|(QrYuXiar)(@rvuXiQ)|Hq), respectively:

_ 1
(30) (Hal(Qryuar)(@v.Q)|H) = — i, My, Brg
(31) (Ho|(Qryuriqr) (@LvuXiQ) | Hq) = fi, M7y €ng

A natural way to estimate the mesonic expectation values is to assume factorization or
vacuum saturation at a low scale of around 1 GeV;i.e. By, = 1 and eg, = 0. Such an
approximation should be sufficient considering we cannot, as already mentioned, count
on more than semi-quantitative predictions about charm decays:

(32) (Pal(e27,0)10) - (01(@z 1) Pa) = & £, M3,
(33) (PQl(QryuAiqr)|0)(0[(LyuXiQ)|Pg) =0

with the last equation reflecting invariance under colour SU(3)¢. One should note that
factorizable contributions at a low scale ~ 1 GeV will be partially nonfactorizable at the
high scale mg. These expectation values are then controlled by the decay constants.

For baryons there is no concept of factorization for estimating or at least calibrating
the expectation values of four-fermion operators, and we have to rely on quark model
results.

Since the moments ufr and uzg represent long-distance contributions of order 1/ sz,
one can use their values to estimate the scale characterising nonperturbative dynamics
as

(34) ANnpPD ~ [,Lfr ~ 700 MeV
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Later we will see that this scale agrees with what one infers from A = limy,,—c0 (M (Hg) — mq).
These considerations lead to a first resume:

e There is little ‘plausible deniability’ if a description based on HQE fails for B
decays: since my is a multiple of Axpp given in Eq.(34), Furthermore for the
scale p separating short and long distance dynamics in the OPE one can adopt
p ~ 1 GeV, which satisfies the computational ‘Scylla and Charybdis’ requirements
stated in Eq.(18) for my.

e For charm decays, on the other hand, the situation is much more iffy on both counts:
with the expansion parameter ~ Anpp/m. being only moderately smaller than
unity, higher order nonperturbative corrections decrease only slowly, if at all. Fur-
thermore the computational requirement of Eq.(18) is hardly satisfied. The one
saving grace might be provided by the absence of an O(1/m.) contribution noted
above. Finally one expects limitations to quark-hadron duality to be characterized
by a factor e"ANPD/™Me with Apnpp reflecting the onset of nonperturbative dy-
namics. It is obviously of essential importance then if this scale is indeed about
700 MeV or 1 GeV (or even higher), which would be bad news.

e For these reasons one cannot count on more than a semi-quantitative description
and going beyond O(1/m2) would then seem pretentious. More generally, it is not
clear to which degree charm quarks act dynamically as heavy quarks with respect
to QCD. It is unlikely that the answer to the question ”Is charm heavy ?” will be
a universal ‘yes’ or universal ‘no’. The answer will probably depend on the type of
transition one is considering. Yet this uncertainty should not be seen as necessarily
evil. For charm transitions allow us to probe the onset of the regime where duality
provides a useful concept.

We will adopt as working hypothesis that charm quarks are sufficiently heavy so that
HQE can provide a semi quantitative description. We treat it as a learning exercise in
the sense that we fully expect the HQE description to fail in some cases. We will apply
it to fully inclusive observables like weak lifetimes and integrated semileptonic widths
of mesons and baryons. Counting on HQE to describe energy distributions in inclusive
semileptonic decays is presumably not realistic since the averaging or ‘smearing’ over the
lepton energies etc. required in particular near the end points is such that it amounts to
a large fraction of the kinematical range anyway. Furthermore there is no justification
for treating strange quarks in the final state of semileptonic decays as heavy.

4'7. HQET. — Heavy Quark Effective Theory (HQET) is another implementation
of HQS, where one calculates pre-asymptotic contributions as an expansion in 1/mg
[89]. While the core applications of HQET used to be hadronic spectroscopy and the
evaluation of form factors for exclusive semileptonic decays of heavy flavour hadrons, the
name HQET has been applied to more and more types of observables like lifetimes with
varying degrees of justification. Yet we will address here only how HQET deals with
spectroscopy and hadronic form factors.

The heavy flavour part of the QCD Lagrangian is expressed with the help of non-
relativistic spinor fields ®¢g(x) [90]:

. 1 T
LHQET = E {—mQ@'TQ@Q + <I>TQ1D0<I>Q — %{)a(za -D)?®g—
Q
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(35) 8m2Q<I>TQ[—D°E+a-(E><7r—7r-E}<I>Q}+O(1/m?é)
where
(36) #=iD=p—A, (&-#)*=7*+&-B

with l_j, A: B and E denoting the covariant derivative, the gluon vector potential, the
colour magnetic and electric fields, respectively.

On the other hand forces outside QCD — namely the electroweak ones — are given for
the full relativistic fields Q. To obtain the relation between the ®g and Q fields one
first factors off the time dependence associated with mg, which makes up the lion share
of @’s energy: Q(x) = e‘imQtQ(w). This can be written covariantly in terms of the
four-velocity v,,:

(37) Q(z) = e~ ™me™Q(x)

Yet a consistent separation of the ‘large’ and ‘small” components of the Dirac spinor Q
cannot be achieved by simply using h(x) = %Q(m) A Foldy-Wouthuysen transfor-
mation [91] has to be applied yielding [92, 90]:

(38) o(@) = (1 T A ) S 20@)

There is another complication — both conceptual and technical — in the way HQET
is usually defined, namely without introducing an auxiliary scale g > 0 to separate self-
consistently heavy and light degrees of freedom as discussed in Sect.4'6.2. With proper
care this problem can be cured, though [90].

HQET has actually become an important tool for inferring lessons on the dynamics
of heavy flavour hadrons from lattice QCD results.

4'7.1. Basics of the spectroscopy. Like for any hadron the mass of a heavy flavour
hadron Hg is given by the properly normalized expectation value of the QCD Hamilto-
nian; the only difference, which actually amounts to a considerable simplification, is that
the latter can be expanded in powers of 1/mg:

Mpu, = (Hq|H|Hg)

1 1
(39) H =mqg+ Hq + Hiight » Hg =Ho+ —H1+ —FHz2+ ...
mq mQ

where Hijght contains the dynamics for the light degrees of freedom and

Ho = — Ao , leé(ﬁ2+a.§) ,m:%[-ﬁ-Eﬁra.(Exﬁ—ﬁxE’)}
(40)
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with the first and second term in Hga being the Darwin and LS term, respectively, familiar
from atomic physics. Hence

2 2
(41) MqumQ+A+M+...
2mgqg

with p2 and p2, defined in Egs.(22,24). Eq.(41) has an obvious intuitive interpretation:
the mass of Hg is given by the heavy quark mass mg, the ‘binding energy’ A, the average
kinetic energy ufr of the heavy quark @ inside Hg and its chromomagnetic moment ;I,ZG.
Since the latter term, which is spin dependent, vanishes in the limit mg — oo, the spin
of a heavy flavour hadron can be labeled by the total spin J as well as the spin of the
light degrees of freedom j. S-wave pseudoscalar and vector mesons thus form a pair of
j = 1/2 ground states that in the heavy quark limit are degenerate. Baryons Ag and
Zq carry j = 0 and thus represent actually a simpler state than the mesons.

With these expressions one can derive and extend to higher orders the expression for
myp — m, already stated in Eq.(21):

pa (1 1\ p—p%/1 1
Mp—Me = <MB>_<MD>+? (ﬁ - E>+DT (ﬁ - W)—i-@(l/mib)
¢ c b
(42)

where p%, denotes the Darwin term and p® the sum of two positive nonlocal correlators.

4'7.2. Semileptonic form factors. Consider a hadron Hgq, where the heavy quark Q is
surrounded by — in a terminology coined by Nathan Isgur — the ‘brown muck’ of the light
degrees of freedom in analogy to the situation in an atom. When Q decays weakly into a
lighter, yet still heavy quark @’ plus a lv pair with invariant mass \/F , the surrounding
cloud of light degrees of freedom will not feel this change in its center instantaneously —
the hadronization process requires time to adjust. Heavy quark symmetry has two main
consequences here; one concerning the normalization of the hadronic formfactors and one
their g2 dependence.

e In the infinite mass limit mg > mqg: — oo the rate for an exclusive semileptonic
transition Hg — Hg/£v at zero recoil for the final state hadron Hg- will depend
neither on mgs nor on the heavy quark spin as can be inferred from the Pauli
Hamiltonian given in Eq.(8) [81]. Le., the form factor for Hg — Hg at zero recoil
is asymptotically (ignoring also perturbative gluon corrections) unity in ‘heavy-to-
heavy’ transitions for pseudoscalar and vector hadrons Hg).

e The g? of the lepton pair can be expressed through the four-momenta p and p’ of
Hg and Hg, respectively, and their four-velocities v and v”:

p-p
(43) q* = 2Mp, <1 7 ) =2Mz (1 —v-2)

For both Hg and Hg’ being pseudoscalars one can write

(Ho (v')|Q7uQ|Hg(v)) =
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M(Hq) — M(Hgq)
2\/M(Hq)M (Hgq)

(p + p,)u -

<M<HQ> + M(Hg)
2\/M(Hq)M (Hg)

(p— p')u> £(v-2') .
(44)
Le., there is a single independent form factor &(v - v’), which is ‘universal’ in the
double sense that it is independent of the heavy quark masses and that it also
controls the g% dependence, when Hg- is a vector meson; it is usually referred to
as the ‘Isgur-Wise’ function .

At finite values of mqoe) there are corrections to both these features.

Such a scenario is realized with reasonable accuracy for B — D®)fv channels. On
the other hand the charm decays ¢ — s as well as ¢ — d are of the type ‘(moderately)
heavy to light’. Even then heavy quark symmetry allows to relate the form factors in,
say, D — flvw, D — fup etc. to those for B — fvmw, B — fup etc. at the same
values of v - v’. Yet this relation is not overly useful quantitatively due to the potentially
large 1/m, corrections.

4'8. NRQCD. — Heavy quark bound states like [cé], B. = [b], [bb] etc. are nonrel-
ativistic bound states in the heavy-quark limit. Pre-asymptotic corrections to this limit
can conveniently be calculated employing another effective theory, namely nonrelativistic
QCD (NRQCD). The local operators that appear in NRQCD are formally very similar
as in HQET, Eqs(16. Yet at the same time there is a basic difference in the dynamical
stage for [QQ] and [Qq] systems: the light antiquark @ in the latter has to be treated
fully relativistically. Formally the same operators can thus appear in different orders
in the two schemes. Technically it is easily understood how this comes about: since
Eqg/mgq and p2Q / m2Q are of the same order in a nonrelativistic expansion, the primary
expansion parameter in NRQCD is the heavy quark velocity vg = pg/mg rather than
1/mg. Among other things this implies that the average heavy quark kinetic energy
(HQ|Q|ﬁ|2Q|HQ)/2mQ, which enters as a leading order pre-asymptotic correction in
HQET appears already as part of the asymptotic contribution in NRQCD. Similar to the
situation with lattice QCD, see below, there are alternative formulations of NRQCD.

One of the main applications of NRQCD is describing the production of quarkonia
in different reactions. The basic picture is the following: one invokes short-distance
dynamics to produce a QQ pair without restriction on the latter’s spin, angular and
colour quantum numbers from two initial partons ¢ and j. This QQ pair is then assumed
to evolve into the final state quarkonium H — a process involving long-distance dynamics.
The analysis is thus based on three main elements [93, 94]:

e One makes a factorization ansatz for the (differential) cross section for producing
a quarkonium h from partons ¢ and j:

(45) do =Y dé(ij — QQ(n) + X)(0" (n))

e The quantities dé(ij — QQ(n) + X) are calculated perturbatively and convo-
luted with parton distribution functions, when necessary.

e The long-distance matrix elements (O (n)), which encode the hadronization of
QQ(n)_ into H are assumed to be universal, i.e. irrespective of the subprocess
ij — QQ(n) + X. On fairly general grounds one can infer how they scale with
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the heavy quark velocity v. One should note that both colour singlet and octet
configurations are included. It thus goes well beyond models assuming dominance
by colour singlet configurations (or colour octet ones for that matter). One can
extract these matrix elements most cleanly from quarkonia production at LEP and
apply them to Tevatron or HERA data. While data from LEP have very limited
statistics, the predictions for rates at Tevatron and HERA depend sensitively on
the parton distribution functions adopted. Some quantitative information on them
can also be inferred from quark models and lattice QCD.

The basic philosophy is similar to what was described above for the OPE treatment of
charm decays, and the factorization ansatz of Eq.(45) is quite reasonable. However it has
not (yet) been proven in a rigorous fashion. One might also be concerned about treating
the matrix elements (O (n)) as universal quantities (11).

Looking beyond these general caveats one expects this formulism to apply to suffi-
ciently heavy quarkonia, like the Y. Whether it can be applied already for charmonia
is another question of course, for which we do not know the answer a priori. As it is
with applying HQE to charm decays we should use NRQCD as a tool for learning about
nonperturbative dynamics and incorporating such lessons rather than ruling out models.

4°9. Lattice QCD. — Monte Carlo simulations of QCD on the lattice or lattice QCD
for short provides a very different framework to deal with QCD’s complementary features
of asymtotic freedom in the ultraviolet and infrared slavery. The four-dimensional space-
time continuum is replaced by a discrete lattice with spacing a between lattice sites.
This is (usually) viewed not as representing physical reality, but providing the mathe-
matical means to deal with long-distance dynamics through an expansion in the inverse
coupling. Distances ~ a and smaller obviously cannot be treated in this way. This can
be expressed by saying that the finite spacing introduces an ultraviolet cut-off ~ 7 /a for
the lattice version of QCD. The short distance dynamics is treated by perturbative QCD
and considerable care has to be applied in matching the two theories at a distance scales
~ a. One uses the technique of effective field theory sketched in Sect.4'3 to incorporate
short-distance dynamics cut off by the finite lattice spacing; the discretization effects are
described through an expansion in powers of a:

(46) Leps = Locp +aLly + a2£2 + ...

With the L£; containing operators of dimension higher than four, they are nonrenor-
malizable; this poses no problem since they are constructed to describe long-distance
dynamics.

There are actually two measures for the quality of the lattice for our purposes: (i)
To get as close as possible to the continuum case one would like to have a as small as
possible. (ii) At the same time one wants to have a sufficient number of lattice sites in
each dimension to be not overly sensitive to finite size effects. I.e., effectively one has
put the particles inside a box to study the response to the forces they experience; yet
one does not want having them bounce off the walls of the box too frequently since that
is an artifact of the framework.

(**)This latter concern could be overcome by including some nonperturbative corrections in the
subprocess ij — QQ(n) + X.
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Obviously there are practical limitations in the available computing power to achieve
these desirable goals. Yet as a condition sine qua non for treating light degrees of freedom
one requires amgq, aAnpp <K 1 for the expansion of Eq.(46) to have practical value.

There are actually a number of different implementations of lattice QCD; they differ
mainly in three areas [95]:

e Different expressions for the action defined on the lattice will merge into the same
QCD action in the continuum limit. The lattice action can be optimized or ‘im-
proved’ for example by eliminating L; for in that case the continuum case a — 0
is approached like a2, i.e. much faster.

e Putting fermions on the lattice creates problems between the ‘Scylla’ of ‘fermion
doubling’ and the ‘Charybdis’ of vitiating chiral invariance. For very general the-
orems tell us that in four dimensions chiral invariance is either violated for a # 0
or maintained at the price of getting too many fermions.

e For heavy quarks one needs actually amqg < 1. However with presently available
computing power we can achieve merely amyp ~ 1 —2 and am. about a third of it.
It seems unlikely that in the near future one can achieve amyp << 1. Several strate-
gies have been suggested to overcome this limitation, namely relying on the static
approximation, lattice NRQCD, matching up with HQET and/or extrapolating
from m¢ up to my.

This is actually another example, where charm hadrons and their decays can pro-
vide us with an important bridge on the road towards a deeper understanding of
the dynamics of beauty hadrons.

e Including light quarks as fully dynamical degrees of freedom that can be produced
and annihilated slows down lattice computations tremendously. This Gordian knot
has been treated mostly in the tradition of Alexander the Great, i.e. by ‘cutting’
or ignoring it. This is called the quenched approximation. The first partially
unquenched studies have been presented recently, where two different flavours of
light quarks have been fully included in the Monte Carlo simulations.

From the start the primary goal of lattice QCD has been to provide a framework for
dealing quantitatively with nonperturbative dynamics in all its aspects and in ways that
are genuinely based on the first principles of QCD and where the uncertainties can be
reduced in a systematic way. Indeed no other method has surfaced which can lay claim to
a similarly ‘universal’ validity. On the other hand there are other theoretical technologies
that provide a ‘first principles’ treatment of nonperturbative dynamics, albeit in a more
restricted domain; examples are chiral invariance and HQE. Those most definitely benefit
from input lattice QCD produces, as described above. Yet lattice QCD benefits also from
them, which serve not only as a cross check, but can also provide valuable insights for
interpreting findings by lattice QCD.

There are some observables where there is no plausible deniability if lattice QCD
failed to reproduce them. Matrix elements involving at most a single hadron each in the
initial and final state are in that category. The best developed case history is provided by
the decay constants. Studies show an enhancement by 8% in the values for fp, and fp
when going from quenched to partially unquenched (with Ny = 2) while not affecting
the ratio fp,/fp [96]:

(47)  fp(Nj = 0) = 203 £ 14MeV, = fp(N; = 2) = 226 & 15 MeV
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(48) fp,(Nj =0) =230+ 14MeV = fp, (N; = 2) = 250 + 30 MeV
(49X.st/fD)(Nf = 0) =1.12+0.02 — (st/fD)(Nf = 2) =1.12+0.04

which can be compared with the experimental findings from D — pv as explained later
(50) FDlexp ~ 200 < 300 MeV .

Very recently a short paper appeared [97] with the ambitious title ”High-Precision
Lattice QCD Confronts Experiment” stating that ”... realistic simulations are possible
now, with all three flavors of light quark” due to a breakthrough in the treatment of light
quarks. The authors point out that the treatment in particular of heavy quark physics
will benefit greatly.

A note of caution seems appropriate (and it is also sounded by the authors of Ref.[97].
Before a difference in a measured and predicted rate — with the latter based solely on
lattice QCD — can be taken as conclusive evidence for the intervention of New Physics,
lattice QCD has to be subjected to a whole battery of tests through different types of
observables. Charm physics — and this is one of the recurring themes of this review —
provides ample opportunity for such a comprehensive program as described later. As an
extra bonus, one can, at least in principle, approach the charm scales in both direction,
namely from below by using finer and finer lattices and from above by extrapolating from
the limit of static quarks, for which b quarks provide a good approximation.

4°10. Special tools. — In the preceding Subsections we have described theoretical tech-
nologies that are most relevant for dealing with heavy flavour hadrons, yet at the same
time apply to many other areas as well. Now we sketch some tools with a more limited
range of application or more special nature, namely the short distance renormalization
of the weak Lagrangian, QCD sum rules, dispersion relations and the concept of final
state interactions.

4°'10.1. Effective weak Lagrangian. The weak Lagrangian responsible for Cabibbo
allowed nonleptonic charm decays is given by a single term at scales just below My :

(51) L= (p < Mw) = (4GFV2)V (cs)V*(ud)(3rvver)(rvdr) + h.c.

Radiative QCD corrections lead to a renormalization at scale m., often referred to as
ultraviolet renormalization , since its scales are larger and thus more ultraviolet than m..
One-loop contributions generate an operator different from (Spv,cr) (L. dr), namely
(ELVV%CL)(ﬁL'yV%dL) with the A; denoting the SU(3) matrices. The renormaliza-
tion is therefore additive and not multiplicative , i.e. L= (n = m.) ¢ L= (n <
My ). Considering all operators that under QCD renormalization can mix with the orig-
inal transition operator(s) one can determine which are the multiplicatively renormalized
operators and with which coefficients they appear in the effective Lagrangian by diago-
nalizing the matrix with the one-loop corrections of these operators.

However there is a more direct way to understand why QCD corrections double the
number of transition operators and which operators are multiplicatively renormalized.
Already on the one-loop level one has two types of couplings in colour space, namely 1®1
and A; @ \; with A; denoting the eight Gell-Mann matrices. Higher loop contributions
do not change this pattern since A;A; ® A;A; can again be expressed through a linear
combination of 1 ® 1 and A; ® A;. This holds no matter what the Lorentz structure
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of the coupling is. For couplings involving left-handed quark currents only we have the
simplification that the product of two such currents remains a product of two left-handed
currents under Fierz transformations [98]. This allows us to write a current product of
the form A; @ A; as linear combination of 1 ® 1 and [1 ® 1] pierz, Wwhere the second term
is the Fierz transformed product. Consider now the interaction described by Eq.(51)
cr — spdruy. Its operator is purely isovector. Yet under V spin , which groups (u, s)
into a doublet with ¢ and d being singlets the final state is a combination of V' = 0 and
V = 1. Fermi-Dirac statistics tells us that if w and s are in the antisymmetric V' = 0
[ symmetric V' = 1] configuration, they have to be in the symmetric [antisymmetric]
SU (3)c 6 [3] representation. Ie., the two multiplicatively renormalized operators have
to be Fierz even and odd:

_ 1
(52) 0L£°=! = 5[(§L’YVCL)(17L’YudL) + (3.7vdr)(drvvcr)]
Therefore
£€VC=1 (b =me) _ C+OAC=1 + c._ OAC=1 _
(4G FV2)V (cs)V*(ud) + -
(53) [c1(3rvver)(@rvodr) + c2(@rvover)(3rvvdr)]

The coefficients ¢1,2 can be expressed as follows at leading log level:

1 1
(54) ciler = S(ey + ), e2lor = S(cqy —c)
2 2
¢)¢S(M3V)ri 6 1
55 = | = = = _ T
(53) cs = | ] = moaN, = g

N¢ denotes the active flavours. Next-to-leading log corrections are sizeable at the charm
scale. They cannot be expressed in a compact analytical way; numerically one finds when
including these contributions:

(56) CllLL+NLL ~ 1.32, C2|LL+NLL ~ —0.58

Noting that without QCD radiative corrections one has ¢; = 1 and cz = 0, QCD
renormalization constitutes a quite sizeable effect. This is not surprising since the leading
log result represents an expansion in powers of ag logMa, rather than just ag.

With hadronic matrix elements evaluated at ordinary hadronic scales Anpp rather
than the heavy quark mass, one has to consider also renormalization from m. down to
Anpp- This is often called hybrid renormalization since its scales are in the infrared
relative to m. and in the ultraviolet relative to Anpp. Yet since m. — unlike my —
exceeds Anpp by a moderate amount only, one does not expect hybrid renormalization
to play a major role in most cases for charm. One notable exception is the DT — D°
lifetime ratio, which will be discussed later.

There are analogous effects on the Cabibbo once and twice suppressed levels. The
analogues of the Fierz even and odd operators of Eq.(52) are multiplicatively renormalized
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with the coefficients c+ as in Eq.(55). In addition Penguin operators emerge on the
Cabibbo disfavoured level. These renormalization effects with ¢ ~ 1.9 > ¢4 ~ 0.74
lead to the enhancement of the AT = 0 [AI = 1/2] over the AT = 1 [AI = 3/2]
transition operators for once [doubly] Cabibbo suppressed modes. These issues will be
addressed further in Sect.9.

4°'10.2. Sum Rules. Sum rules are an ubiquitous tool in many branches of physics
where sums or integrals over observables — rates, moments of rates etc. — are related to
a normalization condition reflecting unitarity etc. or a quantity that can be calculated
in the underlying theory. They form an important ingredient in our treatment of deep
inelastic lepton-nucleon scattering for example, where moments of structure functions
are related to terms in an OPE. Examples are the Adler and the Gross-Llewellyn-Smith
sum rules [99, 98].

Another celebrated case are the SVZ QCD sum rules named after Shifman, Vainshtein
and Zakharov [100], which allow to express low energy hadronic quantities through basic
QCD parameters. The starting point is again provided by an OPE in terms of local
operators. Nonperturbative dynamics are parameterized through vacuum expectation
values — or condensates — (0|@q|0), (0|G?|0) etc., since those have to vanish in per-
turbation theory. Those condensates are treated as free parameters the values of which
are fitted from some observables. One typically matches up a quantity calculated on
the quark-gluon level through a dispersion relation — see the next Subsection — with an
ansatz for the hadronic observables; the stability of the match under variations of input
values provides an intrinsic gauge for the theoretical control in this case. Introducing
nonperturbative dynamics through condensates represents an approximation of less than
universal validity: such an ansatz cannot be counted on to reproduce observables exhibit-
ing rapid variations in, say, energy like narrow resonances and their phase shifts. In such
situations one can hope at best for being able to treat ‘smeared’ hadronic observables,
i.e. ones that have been averaged over some energy interval. Manifold experience shows
that one has to allow for an irreducible theoretical uncertainty of about 20-30 % due to
unknown contributions from higher operators in the OPE, excited states in the dispersion
relations and due to the ansatz with condensates. Contrary to the situation with lattice
QCD, one cannot hope for a systematic reduction in the theoretical uncertainty.

A very similar approach under the name of ”lightcone sum rules” [102] has been
developed for describing the formfactors in exclusive semileptonic decays of heavy flavour
hadrons to be mentioned later.

There is a second and third class of sum rules that are relevant here, namely the so-
called S(mall)V (elocity) [88] and the spin sum rules [103] that have been formulated for
semileptonic decays of heavy flavour hadrons. They are based on systematic expansions in
1/mg and — for b — c transitions — in the velocity of the final state quark. Accordingly
they do not exhibit this brickwall of about 20 - 30% in theoretical uncertainty, but can
be improved successively.

4°10.3. Dispersion relations. Dispersion relations are encountered in many branches of
physics and in quite different contexts. The common element is that certain fundamental
features of general validity can be imposed by requiring that physical quantities have to
be analytical functions of their variables, when they are allowed to be complex. One
then invokes Cauchy’s theorem on path integrals in the complex plane to relate the real
and imaginary part of these quantities to each other.

For example in classical electrodynamics causality implies field amplitudes to be ana-
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lytic. This holds in particular for the dielectric constant € when it is frequency dependent:
D(Z,w) = e(w) E(Z,w). Causality implies the Kramers-Kronig relation [104]

,Ree(w')/eg — 1

w2 — w2

9

(57) Tme(w) /€0 = —2;13/0oo dw

where P denotes the principal part computation of this integral. In S matrix theory one
postulates unitarity, Lorentz and crossing symmetry and analyticity. Dispersion relations
relate the scattering amplitudes for different reactions through integrals.

Likewise one can relate the values of a two-point function II(g?) in a quantum field
theory at different complex values of g2 to each other through an integral representation;
q denotes a four-momentum. In particular one can evaluate II(g?) for large Euclidean
values —q? = qg + |g]? with the help of an OPE and then relate the coefficients ISPE
of local operators O, to observables like o(ete™ — had.) and their moments in the
physical, i.e. Minkowskian domain through an integral over the discontinuity along the
real axis; the integral over the asymptotic arcs vanishes [98]:

(58) IOPE ~ 1 o(s)

e s
ds—— .
ﬂ'/o S(S+q2)n+1

Such a procedure is based on there being only physical singularities — poles and cuts — on
the real axis of g2: then one can first calculate two-point functions for large Euclidean
values of g2 and secondly one will not pick up extra unphysical contributions from poles
etc. This is the basis of the derivation of the celebrated QCD sum rules by the ITEP
group [100].

Such dispersion relations are used to calculate transition rates in the HQE and to
derive new classes of sum rules [88].

4'10.4. Final State Interactions (FSI) and Watson’s theorem. The mass of charm
hadrons places them into an environment populated by many non-charm resonances,
hadronic thresholds etc. making FSI quite virulent. This provides for a particularly
challenging dynamical environment. Let us consider the decay of a meson. The pri-
mary weak force transmogrifies the initially present valence quark and antiquark into
two quarks and antiquarks. Yet those will not rearrange themselves immediately into
two mesons that emerge as asymptotic states. Typically quarks and antiquarks will be
exchanged, they can change their flavour identity thus giving rise to final states that
are absent otherwise, and even additional qg pairs can be excited. Precisely since the
forces driving these processes are strong, those secondary interactions cannot be ignored
or treated to first (or any finite) order only. They can induce even spectacular resonance
enhancements (or depletions for that matter). This is sometimes described by saying
that the initially produced two quark-antiquark clusters can and typically will rescatter
into different kinds of two-meson or even multi-meson final states.

Fortunately there is a modicum of theoretical guidance for dealing with this quagmire
as sketched by the following remarks.

o While FSI can change the nature of the final state dramatically, they mainly re-
arrange the rate between different channels without create overall rate. lLe., typi-
cally they do not increase or decrease the total nonleptonic or semileptonic widths.
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e However FSI can affect even fully inclusive transitions. As we will discuss later
the nearby presence of a hadronic resonance of appropriate quantum numbers can
enhance or suppress significantly the width of a charm hadron — an effect that
would constitute a violation of quark-hadron duality.

e With the strong interactions conserving isospin and G parity, possible rescatterings
are constrained by these quantum numbers.

e The most treatable case after total rates is provided by two-body final states,
where we include hadronic resonances in the latter, due to their ‘trivial’ kinematics.
A small number of quark-level diagrams can drive a large number of hadronic
transitions. Consider for example D® — K~z where two different four-quark
operators contribute changing isospin by 1/2 and 3/2:

(59) T(D° — K~nh) = e'*/2Ty )5 + €'*3/2T5 5

A priori one expects — correctly, as it turns out — that the FSI generate a nontrivial
relative phase between the two different isospin amplitudes T /2,3/2 — @172 # az/2
— and affect also their size. As we will discuss later in detail, such relative strong
phases are a conditio sine qua non for direct CP asymmetries to arise. A well-
known theorem is frequently quoted in this context, namely Watson’s theorem.
Below we will describe it mainly to make explicit the underlying assumptions and
corresponding limitations.

e Novel theoretical frameworks have been put forward recently to treat nonleptonic
two-body decays of B mesons [105, 106]. However there is no a priori justification
for applying such treatments to D decays.

e Three-body final states can be and are subjected to Dalitz plot analyses. Unfortu-
nately theory can provide very little guidance beyond that.

In describing Watson’s theorem we follow the discussion in Ref.[107]. For reasons that
will become clear we consider K — n.

A ASJ[C,...] # 0 process has to be initiated by weak forces which can be treated
perturbatively. Yet the final state is shaped largely by strong dynamics mostly beyond the
reach of a perturbative description. Nevertheless one can make some reliable theoretical
statements based on symmetry considerations — sometimes.

With the strong interactions conserving G-parity a state of an even number of pions
cannot evolve strongly into a state with an odd number. Therefore

Hstrong

(60) K Meesk on 257 31

On the other hand, the two pions emerging from the weak decay are not asymptotic
states yet; due to the strong forces they will undergo rescattering before they lose sight
of each other. Deriving the properties of these strong FSI from first principles is beyond
our present computational capabilities. However, we can relate some of their properties
to other observables.

Let us assume the weak interactions to be invariant under time reversal:

(61) THwT ' = Hw
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We will show now that even then the amplitude for K® — 27 is complex; the strong
FSI generate a phase, which actually coincides with the S wave 7w phase shift d; taken
at energy Mg [108]. That is, the amplitude is real, except for the fact that the two
pions interact before becoming asymptotic states.

At first we allow the phase for the K° — 27 amplitude to be arbitrary:

(62) (@m) 7" |Hw|K®) = |Af]e*®

where the label I denotes the isopin of the 27 state. With T being an antiunitary
operator and using TTT = IS with & denoting the complex conjugation operator we
have

((wm) 3 out|Hy | K) = ((77) 13 0ut| T T Hyw T YT K)* = ((7wm) 3 in|Hw | K)*
(63)

since for a single state — the kaon in this case — there is no distinction between an in
and out state. After inserting a complete set of out states

(64) ((7wm) 13 out|Hw | K) = Z((ﬂ'ﬂ');;inm; out)(n; out|Hw |K)* ,

where the S matrix element ((7v7)r;in|n;out) contains the delta function describing
conservation of energy and momentum, we can analyze the possible final states. The
only hadronic states allowed kinematically are 27w and 37 combinations. With G parity
enforcing

(65) ((7rm)r3in|3m;0ut) =0
only the 27 out state can contribute in the sum:
(66) ((7m)r;out|Hw|K) = ((wm); in|(7wr) r; out) ((wm) 1; out| Hw | K )™

This is usually referred to as the condition of elastic unitarity . With the S matrix for
(wm)r — (7vm)1 given by

(67) Selastic = {(7v7) ;out|(7wm);in) = o201
we have
(63) (1) 13 out| Hyy | K°) = |((77) 13 out| Hyw | K©) [P

i.e., as long as Hw conserves T', the decay amplitude remains real after having the strong
phase shift factored out. This is Watson’s theorem in a nutshell.

FSI also affect the decays of heavy flavour hadrons, yet we cannot apply Watson’s
theorem blindly even for T conserving Hyy. In particular it would be absurd to assume
elastic unitarity to apply in two-body or even quasi-two-body beauty decays: strong FSI
are bound to generate additional hadrons in the final state. The decays of charm hadrons
provide a borderline case: while the FSI can change the identity of the emerging parti-
cles and can produce additional hadrons, their impact is moderated since the available
phase space is less than abundant. This is consistent with the observation that (quasi-
)two-body modes constitute the bulk of nonleptonic D decays, although we have not
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learnt yet how to assign precise numbers to this statement, see Sect.9'4. Introducing the
concept of absorption — Ty — mT¢ with |ng| < 1 — provides a useful phenomenological
approximation for parameterising such inelasticities.

4'10.5. Zweig’s rule. The Zweig rule goes back to the earliest days of the quark
model [109]. It can be expressed as follows: In scattering or decay processes driven
by the strong interactions those quark diagrams dominate where all valence quarks and
antiquarks from the initial state are still present in the final state; i.e., initially present
quarks and antiquarks do not annihilate.

The motivation for this selection rule came from the observation that the ¢ meson
interpreted as an s3 bound state decays mainly into a KK pair rather than a kine-
matically favoured pion pair. The rule was later somewhat extended by stating that all
disconnected quark diagrams are suppressed.

Obviously such a rule holds only approximately. It was the discovery of the extremely
narrow J /1 resonance that turned the Zweig rule from respectable folklore into a dy-
namical notion based on colour symmetry and QCD’s asymptotic freedom. For it was
realized that an ortho[paral-quarkonium state has to annihilation into (at least) three
[two] gluons to decay and that their couplings become smaller for increasing quarkonium
masses:

(69) r[QQ]Ortho X ag(mQ) < P[QQ]para 0.9 ag(mQ)

Thus one can estimate how much ‘Zweig forbidden’ transitions are suppressed, and how
it depends on the specifics of the decaying state.

4'11. On quark-hadron duality. — Quark-hadron duality — or duality for short — is
one of the central concepts in contemporary particle physics. It is invoked to connect
quantities evaluated on the quark-gluon level to the (observable) world of hadrons. It is
used all the time as it has been since the early days of the quark model and of QCD, more
often than not without explicit reference to it. A striking example of the confidence the
HEP community has in the asymptotic validity of duality was provided by the discussion
of the width I'(Z° — HpH}X). There was about a 2% difference in the predicted
and measured decay width, which lead to lively debates on its significance vis-a-vis the
experimental error. No concern was expressed about the fact that the Z° width was
calculated on the quark-gluon level, yet measured for hadrons. Likewise the strong
coupling ag(Mz) is routinely extracted from the perturbatively computed hadronic Z°
width with a stated theoretical uncertainty of £ 0.003 which translates into a theoretical
error in T'paq(Z°) of about 0.1%.

There are, however, several different versions and implementations of the concept of
duality. The problem with invoking duality implicitly is that it is very often unclear
which version is used. In B physics — in particular when determining |V (eb)| and
|V (ub)| — the measurements have become so precise that theory can no longer hide
behind experimental errors. To estimate theoretical uncertainties in a meaningful way
one has to give clear meaning to the concept of duality; only then can one analyze its
limitations. In response to the demands of heavy flavour physics a considerable literature
has been created on duality over the last few years, which we want to summarize. We
will sketch the underlying principles; technical details can be found in the references we
list.

Duality for processes involving time-like momenta was first addressed theoretically in
the late '70’s in references [110] and [111]. We sketch here the argument of Ref.[110],



46

since it contains several of the relevant elements in a nutshell. The cross section for
ete™ — hadrons can be expressed through an operator product expansion (OPE)
of two hadronic currents. One might be tempted to think that by invoking QCD’s
asymptotic freedom one can compute o(ete~ — hadrons) for large c.m. energies
Vs > Agcp in terms of quarks (and gluons) since it is shaped by short distance
dynamics. However production thresholds like for charm induce singularities that vitiate
such a straightforward computation. This complication can be handled in the following
way: One evaluates the OPE in the (deep) Euclidean region thus avoiding proximity
to singularities induced by hadronic thresholds; then one analytically continues it into
the Minkowskian domain through a dispersion relation. There is a price to be paid:
in general one cannot obtain the cross section as a point-for-point function of s, only
averaged — or ‘smeared’ — over an energy interval, which can be written symbolically as
follows:

so+As
(70) (o(ete” — hadrons)) ~ / dso(eTe™ — hadrons)

so

This feature is immediately obvious: for the smooth s dependence that the OPE nec-
essarily yields in Euclidean space has to be compared to the measured cross section
ete™ — hadrons as a function of s, which has pronounced structures, in particular
close to thresholds for ce-production.

This simple illustration already points to the salient elements and features of duality
and its limitations [112, 84]:

e An OPE description for the observable under study is required in terms of quark
and gluon degrees of freedom. (12)

e The extrapolation from the Euclidean to the Minkowskian domain implies some
loss of information: in general one can calculate only hadronic observables that are
averaged over energy.

(71) <0.hadronic>w ~ <o_partonic>w

where (...),, denotes the smearing which is an average using a smooth weight
function w(s); it generalizes the simplistic use of a fixed energy interval:

(72) (coi)w = /ds...w(s)

e Some contributions that are quite insignificant in the Euclidean regime and there-
fore cannot be captured through the OPE can become relevant after the analytical
continuation to the Minkowskian domain, as explained below. For that reason we
have used the approximate rather than the equality sign in Eq.(71).

e One can make few universal statements on the numerical validity of duality. How
much and what kind of smearing is required depends on the specifics of the reaction
under study.

(*2)The name parton-hadron duality is actually more appropriate in the sense that gluon effects

have to be included for duality to hold.
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The last item needs expanding right away. The degree to which (gP@7rtomic) —can be
trusted as a theoretical description of the observable (g?adronic) ~depends on the weight
function w, in particular its width. It can be broad compared to the structures that may
appear in the hadronic spectral function, or it could be quite narrow, as an extreme case
even w(s) ~ d(s — sp). It has become popular to refer to the first and second scenarios
as global and local duality, respectively. Other authors use different names, and one can
argue that this nomenclature is actually misleading.

When one treats distributions rather than fully integrated widths, another complica-
tion arises. Consider for example inclusive semileptonic transitions Hg — £vX,. The
lepton spectrum is expressed through an expansion in powers of 1/mg(1 — x;) rather
than 1/mgq where ; = 2E;/mg. It obviously is singular for ; — 1 and thus breaks
down in the endpoint region. One can still make statements on partially integrated spec-
tra; yet for semileptonic charm decays the situation becomes somewhat marginal since
p/me is not a small number to start with.

A fundamental distinction concerning duality is often drawn between semileptonic and
nonleptonic widths. Since the former necessarily involves smearing with a smooth weight
function due to the integration over neutrino momenta, it is often argued that predictions
for the former are fundamentally more trustworthy than for the latter. However, such
a categorical distinction is overstated and artificial. Of much more relevance is the
differentiation between distributions and fully integrated rates sketched above.

No real progress beyond the more qualitative arguments of Refs. [110] and [111]
occurred for many years. For as long as one has very limited control over nonperturbative
effects, there is little meaningful that can be said about duality violations. Yet this has
changed for heavy flavour physics with the development of heavy quark expansions.

The possibility of duality violations clearly represents a theoretical uncertainty. How-
ever it is not helpful to lump all such uncertainties into a single ‘black box’. For proper
evaluation and analysis it is useful to distinguish between three sources of theoretical
errors:

1. unknown terms of higher order in ag;
2. unknown terms of higher order in 1/mg;
3. uncertainties in the input parameters ag, mqg and the expectation values.

Duality violations constitute uncertainties over and above these; i.e. they represent
contributions not accounted for due to

e truncating these expansions at finite order and
e limitations in the algorithm employed.

These two effects are not unrelated. The first one means that the OPE in practice is
insensitive to contributions of the type e~™@/# with p denoting some hadronic scale;
the second one reflects the fact that under a analytic continuation the term e~ ™e/#
turns into an oscillating rather than suppressed term sin(mg/p).

Of course we do not have (yet) a full theory for duality and its violations. Yet we
know that without an OPE the question of duality is ill-posed. Furthermore in the last
few years we have moved beyond the stage, where we could merely point to folklore.
This progress has come about because theorists have — driven by the availability of
data of higher and higher quality — developed a better understanding of the physical
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origins of duality violations and of the mathematical portals through which they enter
the formalism.

Again charm studies can teach us lessons on duality that are neatly complementary
to those from light quark studies on one hand and beauty physics on the other:

e It has been estimated that duality violating contributions to I'sy (B) fall safely
below 1/2 % and thus are expected to remain in the ‘noise’ of other theoretical
uncertainties, i.e. to not exceed unknown higher order (in ag as well as 1/mg)
contributions [84].

The expansion parameter p/m. in charm decays on the other hand provides at
best only a moderate suppression for higher order contributions, and at the same
time limitations to duality will become more relevant and noticeable. This means
that while we cannot have confidence in quantitative predictions, we can learn
valuable lessons from a careful analysis of the data.

e A duality violating contribution e~"™*/# will remain in the theoretical ‘noise’ level.
Yet the charm analogue e ~™</# might become visible, again meaning that a careful
study of charm dynamics can teach us lessons on the transition from short- to long-
distance dynamics that could not be obtained in beauty decays.

4'12. Resume on the theoretical tools. — The fact that the charm mass exceeds ordinary
hadronic scales Anpp provides a new expansion parameter — Axnpp/m. < 1 — and
thus a very useful handle on treating nonperturbative dynamics. Yet the excess is only
moderate. Therefore — unlike the situation for beauty — nonperturbative effects can still
be sizeable or even large, and it constitutes a theoretical challenge to bring them under
control. However we view the glass as (at least) half full rather than (at most) half empty.
Exactly because nonperturbative effects are sizeable, one can learn important lessons on
nonperturbative dynamics in a novel, yet still controlled environment by analysing charm
interactions in a detailed way.

Encouraging evidence that this is not an idle hope — that we are developing a better
understanding of nonperturbative dynamics at the charm scale — is provided by the
realization that, as described later in detail, HQS provides an approximate understanding
of charm spectroscopy and HQE reproduce correctly — in part even correctly predicted
— the observed pattern of charm lifetimes. NRQCD is yielding complementary new
insights, and there is the expectation that lattice QCD will provide us not only with
valuable guidance in charm physics, but even with reliable quantitative answers.

4'13. On Future Lessons. — Our intent is not to write a historical review or present a
mere status report. We want to emphasize the importance of future charm studies based
on a triple motivation:

e As sketched in this section there is a vast array of theoretical technologies that
are truly based on QCD, yet require some additional assumptions. They apply to
beauty physics with considerably enhanced validity and thus can be tested there.
Yet we view the fact that nonperturbative effects are larger in charm than in beauty
physics as a virtue rather than a vice, at least for the discriminating observer: charm
physics constitutes a rich lab to probe (rather than test) these methods, to provide
new insights into the transition from the nonperturbative to the perturbative do-
main. We have to be prepared that these methods will occasionally fail; yet we
shall be able to obtain valuable lessons even from such failures.
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Fig. 10. — Diagrams for charm production: Hadroproduction (a,b); electron-proton production
(¢); photoproduction point like photon (d), resolved photon (e); neutrino (f); eTe™ (g).

e A more detailed knowledge and understanding of charm physics than presently
available is also essential for a better understanding of beauty physics and for a
fuller exploitation of the discovery potential for New Physics there. This starts with
the trivial observation that knowing charm branching ratios and decay sequences
are important for interpreting beauty decays. Secondly, as indicated above, the
theoretical technologies employed in beauty decays can be cross-referenced in charm
decays. Lastly, a detailed understanding of charm spectroscopy is important in
properly interpreting certain B — £fv X, transitions and the information they can
yield concerning the underlying QCD treatment. This last more subtle point will
be explained later.

e High sensitivity studies of D® — D° oscillations, CP violation and rare decays
provide a novel window onto conceivable New Physics — actually of non-standard
extensions of the SM as indicated in the previous subsection.

5. — Production dynamics

Understanding the production processes for hadrons containing charm quarks is of
obvious practical importance if one wants to obtain a well-defined sample of those hadrons
for studying their decays. Yet new conceptual insights into QCD can be gained as well.
In the following we address these two issues for different production reactions. In doing so
one has to treat separately the cases of hidden and open charm hadrons, whose scenarios
are quite different theoretically as well as experimentally. Rather than give an exhaustive
discussion we aim at describing a few telling examples. Recent reviews can be found in
[113, 114, 115, 116, 117], and predictions in [118].

As described before in our historical sketch of Sect.2, the use of a variety of intense
particle beams on a wide variety of nuclear fixed targets dates back to the beginning
of the charm adventure, and it constitutes a mature technique for investigating charm
production. On the other hand, heavy flavour physics at hadron colliders, after pioneering
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work at the ISR, has undergone a renaissance at CDF. There are multiple motivations
for studying hadroproduction of open and hidden charm states:

e The production of heavy flavour hadrons presents new tests of our quantitative
understanding of QCD. Their worth is enhanced by the fact that there are similar
ingredients in the theoretical treatment of charm and beauty production.

e It serves as a sensitive and efficient probe for determining gluon distributions inside
nucleons.

e Understanding the production mechanisms helps us in fully harnessing the statis-
tical muscle of hadroproduction for studies of weak decays of charm hadrons.

e Analyzing charm production inside heavy nuclei provides us with insights into how
QCD’s dynamics act under exotic or even extreme conditions. Furthermore it can
signal the onset of the quark-gluon plasma as discussed later.

We have chosen to organize the vast material in the following way: first we will describe
hidden charm production in the different settings, then we will turn to open charm
produced through ete™ annihilation, at fixed target experiments, hadronic colliders
and deep inelastic lepton-nucleon scattering and conclude with charm production inside
heavy nuclei.

5'1. Charmonium production. — A priori there are three experimentally distinct scenar-
ios for the production of prompt J/: the secondary production via a para-charmonium
state x. cascading down ete™ — x.+ X — J/v 4+~ + X or primary production of
J /1) together with the excitation of two charm hadrons - like ete™ — J/y+DD’+ X
—, which is a Zweig allowed process, or without such additional charm states, which is
not. In 1995 the CDF collaboration [119, 120] discovered that B meson decays are not
the major source of J /4 production in hadronic collisions : many J /4 are prompt rather
than the decay products of an object with a lifetime of around 1 ps. The production
of these ‘direct’ charmonia was found to be enhanced by a factor of about fifty (Fig. 11
with respect to predictions of the theoretical model of that time, the colour-singlet model,
Fig.12. In this model it is assumed that charmonium states can get excited only via their
cc component making the production of para-charmonium — x. — to dominate over that
for ortho-charmonium — J /4. There is no reason beyond simplicity, why the J /1 cannot
be produced via a ¢€ octet component. The most radical of such colour octet models is
often called the ‘colour evaporation model’, where the octet sheds its colour with unit
probability via soft gluons.

These models can be embedded in NRQCD, see Sect. 4'8, which was developed partly
in response to the challenge posed by J /1 production at the TEVATRON. By including
charmonium production off colour octet éc configurations, where colour is shed via soft
gluons, NRQCD is able to reproduce these data; the colour octet component Fig.12 thus
represents by far the dominant source of prompt charmonia at TEVATRON energies —
in clear contrast to the situation at lower energies.

Our understanding can be further tested by measuring the polarization a of the J /4
and v’ defined as (dT'/d cos0) < 1 + acos? 0 in the angular distribution of decay
leptons pairs from charmonium; e = 1[—1] corresponds to pure transverse [longitu-
dinal] polarization. Both charmonia states are predicted [121, 122] to be increasingly
transversely polarized with growing p, since one expects the transverse polarization of
almost ‘on-shell’ gluons to be transferred to the €c bound state produced from them.
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Fig. 11. — CDF results on cross section for J/v (a), 9’ (b), and polarization (c,d). Data from
[119, 120], theoretical predictions from [121, 122].

However this effect is certainly not apparent in the data, see Fig.11 ¢), d) [123, 124].
More data has become available from CDF out of RUN II data taking period presently
in progress [125]. Again, this might not be a fatal flaw in NRQCD; it might just mean
that contributions of higher order in avg and in v are still sizeable for charmonia and
affect polarization more than cross sections, which are more robust against higher order
contributions.

Real photoproduction experiments provide also results on hidden charm states, whose
diffractive production proceeds via VMD coupling of the beam photon to JPC€ = 1=~
mesons such as J/v. Such studies are generally limited to dimuon final states, since
dielectron decay modes are hindered by the presence of electron-positron pairs copiously
produced by Bethe-Heitler mechanisms. Perhaps more importantly, the ete™ decay
mode is made difficult by the presence of a very long tail in the dielectron invariant mass
spectrum, due to bremmsstrahlung, which needs to be corrected for. Very recently, the
first observation of ¥(3770) was preliminarily reported by FOCUS [126].

Experiments E760 and E835 at the Fermilab antiproton source have performed pre-
cision measurements of all charmonium states, also measuring the x1 for the first time.
Charmonium states are produced by the collisions of antiprotons on a hydrogen jet target,
thus providing interaction whose geometry is effectively the one typical of fixed target
experiments. Experiment E835 charmonium results are discussed in Sect.6.

52. Charm at LEP (mainly). — With no hadron being present in the initial state,
ete™ annihilation represents the simplest scenario. At the same time charm was the
first quantum number high enough in mass that one can invoke perturbative QCD to
describe ete~ — hadrons below as well as above its threshold; i.e., the ratio R had
reached a constant value below threshold and a higher one above it.

One of the most intriguing aspects theoretically has been discussed in Sect.4'11,
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Fig. 12. — Colour-singlet and colour-octet diagrams for hadroproduction (left) and ete™ produc-
tion (right) of charmonium; photons and gluons are denoted by wave and curly lines, respectively.

namely how quark-hadron duality and the approach to it is realized in nature. The
conclusion is that starting at about 1 GeV above threshold perturbative QCD can be
employed for predicting the total cross section for et e~ — hadrons. The experimental
situation just above charm threshold had been somewhat unsettled with some data sets
showing an unusually large cross section. Measurements [127] done by the BES collabora-
tion in Beijing have clarified the situation; the value of R does not seem to be excessively
large. Future studies from CLEO-c should settle it completely. The transition region
around 4 GeV will presumably remain beyond theoretical control, since so many thresh-
olds for exclusive final states open up: ete~ — DD, D*D + DD*, D*D*, DD,
ey AcA ete.. One can attempt to describe this highly complex landscape through mod-
els involving a coupled-channel approach [128, 129]; yet the predictions based on such
models are not reliable, since they are quite unstable under variations of the model pa-
rameters. Nevertheless important measurements can be performed there: in particular
the absolute branching ratios for the different charm hadrons can be measured in a model
independent way as explained in Sect.9°3 of this review.

BELLE has shown highly surprising data on double ¢€ production: it finds the J/4
to be accompanied more often than not by an additional €c pair [130]:

o(ete™ — J/éc)
o(ete” — J/¢YX)

0.15
(73) =0.597075 £ 0.12

There is no good idea from theory (yet) how such a large ratio could be accommodated.

Measurements by HRS, MARK II and TASSO at the PETRA and PEP storage rings
at DESY and SLAC, respectively, had provided the first reliable information on the
fragmentation functions of charm and beauty quarks described in Sect. 5'6. Yet they have
been superseded by ARGUS and CLEO measurements with their much higher statistics
and by LEP and SLD data, the latter for beauty as well as charm quarks; see [131, 132]
for concise reviews. CLEO finds a deviation from a Peterson et. al.-type fragmentation
function for DF, D** [133]. It is actually more difficult to measure the charm than the
beauty fragmentation fragmentation at LEP, since in the case of charm one has to rely
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on exclusively reconstructed charm hadrons to obtain sufficient purity of the sample,
which reduces considerably the statistics [134]. Furthermore an interpretation of the
data is less straightforward, among other reasons due to the secondary production of
charm via gluon splitting g — c¢€. Nevertheless there exists a strong twofold motivation
for determining the charm fragmentation function as accurately as possible: (i) it is an
important ingredient in predicting charm production cross sections and distributions to
be measured at the TEVATRON; (ii) comparing it to the beauty fragmentation function
will shed further light on the nonperturbative dynamics driving it.

The level of production can be computed (with m. = 1.5 £ 0.3 GeV), and when
compared to recent data [132] it is found a couple of standard deviations below.

LEP experiments provide information on charm production through studies of vy —
c¢, where the initial state is realized by initial state radiation off both beams . Recent
results are discussed in Ref.[114]. D*E production has been measured by LEP experi-
ments at 4/s = 183 — 209 GeV and found in agreement with NLO QCD predictions. L3
also measured o (yy — ¢€X) as a function of the = invariant mass finding reasonable
agreement with NLO QCD for m,. = 1.2 GeV; for m. = 1.5 GeV one predicts a 50%
lower cross section.

Another observable that can be computed in NLO QCD is the aforementioned gluon
splitting probability g.z of c€ for (eTe™ — qdg,g — QQ) An OPAL result yields
gez = (3.20 £ 0.21 & 0.38) x 10~2 [135], which is higher than theoretical estimates
as well as the L3 measurement [136] gez = (2.45 & 0.29 & 0.53) x 10~2. Likewise
ALEPH and DELPHI find higher than predicted values for the corresponding quantity
9ob-

An area of great importance to the validation of the electroweak sector of the Standard
Model is the determination of the forward-backward asymmetries for charm and beauty
jets A, A%’B, and the ratios of charm and beauty quark partial widths Ry, R, R, =
I'(Z° — c€)/T(Z° — hadrons), see [137, 138] for an extensive review. The charm
FB asymmetries had been measured before the LEP era [139], [140], [141], but only the
huge data sets gathered at LEP allowed meaningful searches for manifestations of New
Physics. The situation has changed considerably over the years, as it can be realized
browsing the LEP Electroweak Working group pages [142]. Measurements of Rp, R, in
1995 [143] differed from SM predictions by +3.70, —2.560, while they appeared totally
consistent in 2002 [144] +1.010, —0.150. On the other hand, A$%;, A%, that in 1995
were completely consistent with the SM within their relatively large errors, in 2002
represent a pull of —0.840, —2.620 respectively, with A?B being the second largest
contribution of pulls in the fit to the SM parameters, after the intriguing NuTeV result
on sin? Gy [145].

5°3. Photoproduction. — The real photon has two components, namely a hadronic one a
la vector meson dominance , and one coupling directly to quarks via their electric charge.
Due to the small weight of the former, photon beams provide a cleaner environment than
hadron beams since mostly there is no hadronic jet from beam fragmentation. One still
has to contend with a large background of light hadrons. Yet the charm-to-total cross-
section ratio of about 1/100 is considerably higher than the 1/1000 for hadroproduction.
Also the theoretical treatment of photoproduction is easier than of hadroproduction since
only one hadron participates in the collision.

The recent success in gathering sizeable samples of events with both charm and anti-
charm hadrons allows novel probes of perturbative QCD and has already lead to new
insights on QCD dynamics.
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Scattering electrons off protons at small values of Q2 provides a fluid transitions to
real photoproduction experiments with Q2 = 0. In real photoproduction high-energy,
high-intensity beams impinge on nuclear targets and can produce charm states. The
tree-level production mechanism proceeds via the fusion[146] of beam photon off a gluon
emitted by the nucleus (Fig. 10).

The charm cross-section is sensitive to the charm quark mass, and it has been thor-
oughly measured from threshold up to HERA energies, and compared to QCD predictions
[118]. A value of 1.5 GeV for the pole charm quark mass is favoured by the data with
large errors due to the choice of other theory parameters.

Real photoproduction is studied via the very large data samples collected by fixed
target experiments [113]. The reconstruction of both D and D in the same event allows
one to study DD correlations that can be predicted in principle by QCD. Important
variables are A¢, the angle between the particle and the antiparticle in the plane trans-
verse to the beam, and the transverse PZ momentum squared of the pair. At leading
order, with c€ quarks produced back to back, one expects A¢ = 7 and Pr = 0. Recent
results from FOCUS [147] show that data disagree with predictions even when taking
into account NLO contributions. There is also a small but highly significant excess of
data at A¢ = 0 suggesting that a small fraction of DD pairs are produced collinearly
rather than back-to-back. These studies are a valuable tool to tune charm production
computational algorithms, such as PYTHIA [148].

Particle-antiparticle asymmetry studies have been carried out in the past by photopro-
duction experiments NA14/2[149], E691 [150] and E687[151]. E691 and E687 measure
a significant asymmetry for DT, D® and D**, and one compatible with zero within
large experimental errors for D:‘, A;". The asymmetry measured is ten times the one
predicted by perturbative QCD. Mechanisms based on heavy-quark recombination have
been proposed [152]. High statistics results from FOCUS are expected soon.

Finally, FOCUS [153] showed recently a null result on the production of double charm
baryons reported by hyperon beam experiment SELEX [154] [155]. The issue is addressed
in Sects.6 and 6°3.5.

5'4. Fized target hadroproduction. — Experiments have been performed with a host of
extracted meson as well as baryon beams and also internal beams on gas targets.

The leading particle effect is the most interesting phenomenological feature in charm
production studies with extracted beams. This is the enhancement of the production of
particles compared to the production of antiparticles, and it is due to the presence of
quarks present both in the produced particle, and in the target nucleon or in the beam
particle. The enhancement is represented (usually in a differential fashion in xp and
P2) via the asymmetry variable

Nparticle - Nantiparticle/R
Nparticle + Nantiparticle/R

(74) A

where R = €/e€ is the ratio of acceptances for particles and antiparticles.

As a matter of principle perturbative QCD can yield only a very small asymmetry in
charm production; in contrast asymmetries as large as 50% have often been reported in
the data. In the following we shall limit ourselves to outline the most striking features of
charm production at extracted beams, referring the interested reader to recent reviews
[156], [157], [113].
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Tree-level hadroproduction proceeds via diagrams shown in Fig. 10(a,b). At fixed tar-
get, the availability of several kinds of beam allows one to study the leading particle effect.
Recent results come from E791 (7w~ beam) and SELEX (7, proton and ¥~ beams) .
Asymmetry data for Aj‘ produced by 7w~ beams in E791 and SELEX do agree, while
the asymmetry for proton and ¥~ beams in SELEX is much more pronounced, a clear
manifestation of leading particle effect, since baryon beams will produce preferentially
Aj‘ baryons, not antibaryons.

SELEX recently reported observation of four different C' = 2 baryons [154] [155]. If
confirmed, it would have profound implications for our understanding of charm produc-
tion. We will discuss this issue in Sect.6'3.5.

5'5. Hadroproduction at colliders. — The study of charm physics at hadronic colliders
was pioneered at the CERN ISR (see Sect.3'2). Experiments done there showed evidence
for much larger charm cross sections than expected, in particular in the forward region
of up to 1.4 mb. It was finally understood that such high values were due to efficiency
and acceptance corrections used to get cross sections out of low-acceptance mass-peak
observations [158],[159].

The most lasting legacy is maybe the concept of intrinsic charm suggested a long tome
ago by Brodsky and collaborators [160] to account for the larger charm production in
the forward or projectile fragmentation region. It says that protons (and other hadrons)
have a €c component that unlike in the conventional picture is not concentrated in the
‘sea’ at very small values of fractional momenta x: |p) < |uud) + |uudéc) + ‘sea’.
This has been referred to as a higher Fock state in the proton wave function. There
has been and still is an ongoing debate over the validity of this intriguing picture and
the danger of double-counting. It seems now that in the framework of the heavy quark
expansions one can assign the concept of intrinsic charm an unambiguous meaning [161].

Little new work theoretically as well as experimentally has been done on charm pro-
duction at hadron colliders until recently. This lull seems to be coming to an end now.
Most of our community was quite surprised when in 1991 CDF [162] demonstrated the
ability of studying beauty quark physics in a pr regime totally unsuited for the main-
stream W physics the detector was conceived for. CDEF’s capabilities have been further
boosted by the implementation of a detached vertex trigger described in Sect.3'2, which
provides online selection of events based on reconstructed decay vertices by the microstrip
detector. The vertex trigger might allow reconstruction of charm correlations.

So far we have results on D* production [66, 114]. In 2000 CDF published the
only available measurements of open charm production cross sections in pp collisions at
v/8 = 1.8TeV for the process D*t — D%t — (K~ ut X))z for in the rapidity and
transverse momentum intervals |n(D*T)| < 1.0, pr(D*t > 10GeV). The integrated
cross section found o = 347 £ 65 £+ 58nb exceeds calculations based on both NLO and
FONLL. Such a result was confirmed in 2003 by the cross section measurement [163] for
exclusive processes D — K~ 7+, D*t — DOxnt, D;" — ¢mTt, obtained on a dataset
selected by the new detached vertex trigger. Cross section found exceeds by 100% central
value of theory predictions[164], although theory and experiment are compatible when
considering theoretical uncertainties.

5'6. Deep inelastic lepton-nucleon scattering. — As already mentioned in Sect.2, the
first experimental signal for charm production outside cosmic rays came from dimuon
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events in deep inelastic neutrino nucleon scattering [14]
(75) vuN - p H.+X - ppt+X

Also some early charm spectroscopy had been done in neutrino induced events. Today’s
main lessons from charm production by neutrinos are the following:

e It provides important information on |V (es)| & |V (ed)|, as described in Sect.8'3.

e It allows extraction of the structure functions for d and s quarks and antiquarks
from open charm and for the gluons from J/4 production.

e nvX — l‘Aj‘X one can measure the form factor of A, baryons in the space-like
region [165].

e Since A, is expected to be produced with a high degree of longitudinal polarization,
one could search for a T odd correlation Cr oda = (Fa. (PA XP1)) in semileptonic
Ac decays UN — AT X — (ITvA)a, + X

o To determine the fundamental electroweak parameters at lower energies in different
kinematical domains one has to understand — or at least model reliably — charm
production, since it varies with energy and is different in charged vs. neutral current
reactions. A very simple ansatz is often used here, namely the ‘slow rescaling’
model, where one replaces the usual scaling variable by

” 0372 2M
meme (14 7) (- 730)

It should be noted that ”m.” here is merely a quark model parameter. Measuring
its value with high accuracy from v data does not mean we know the charm quark
mass till we can derive Eq.(76) from QCD.

Charm production occurs in high energy neutrino interactions at the few percent level
and to lowest order is described by the diagram in Fig.10 f), with strong dependence to
the strange quark sea, since charm production off d quarks is Cabibbo-suppressed. This
sensitivity is further enhanced in the case of antineutrino scattering, where only sea d
and 5 quarks contribute with the latter dominating.

A wealth of results keeps coming from charm neutrino experiments using emulsion and
electronic techniques, namely NOMAD and CHORUS at CERN and NuTeV at FNAL
[115):

e Emulsion experiments have been able to measure the inclusive charm production
cross-section o (v, N — cp~ X) /o (v, N — p~ X)) which is of order five percent,
while electronic experiments measured the inclusive D production rate o (v, N —
D°u~X)/o(v,N — p~X) about two percent. A recent analysis [166] combines
both electronic and emulsion experiments results.

e Insights are gained on the hadronization of charm quark described through fragmen-
tation functions, see Sect.4'2. It should be noted that the fragmentation process
is expected to be universal, i.e., independent of the hard scattering process under
study; i.e., charm quarks emerging from, say, et e~ collisions dress into charmed
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hadrons in the same fashion as those produced in lepton-nucleon scattering. Cross-
section data for neutrino production are parameterized via the usual Peterson form
D(z) ox [2(1 — 27! —ep/(1 — 2))] 7, and the customary kinematical variables
p%, fr (the mean multiplicity of charmed hadron h) and z (the fraction of the
quark longitudinal momentum carried by the charmed hadron). The fragmenta-
tion function D(z) is peaked at z = 0.8 which means that the hadronization
process is hard, and relatively energetic. Neutrino experiments measure the ep
parameter and compare it to ete™ data, generally finding good agreement for D*
production.

Charm production in neutrino physics is thus an alive field, where great interest exists
for the huge improvements which are expected at a Neutrino Factory [165], [167].

A new realm of analyzing heavy flavour production — of charm and beauty, open and
hidden — has opened up in high energy 1/s = 300 — 318 GeV electron-proton collisions
studied at HERA by the H1, Zeus and HERA-C collaborations. Production of charm
hadrons and charmonia can occur off gluons, €c pairs in the sea at small values of  and
off an intrinsic charm component at medium and large values of x [160]. The stage is
thus more complex than in et e~ annihilation — yet that should be viewed as a virtue,
since data allow us access to these parton distribution functions.

Not only the proton target adds complexity to the phenomenology, but also the elec-
tron projectile, which effectively acts either as in deep inelastic lepton-nucleon scattering,
(Fig.10 c), or in photoproduction (Fig.10 d), depending on the Q2 region considered. In
the photoproduction regime (Q% ~ 0), then, the photon can produce charm via a di-
rect point-like coupling to partons in the proton (Fig.10 d), or it can effectively act as a
hadron a la vector meson dominance, Fig.10 €). In the latter case, any intrinsic charm
components in the photon or proton particles may give origin to charm excitation pro-
cesses, such as cg — cg. The variable w?ybs is normally used to discriminate direct from
resolved photon processes.

The experimental panorama is discussed in recent reviews [114, 168, 116]. Photopro-
duction cross-sections for D* and Dy generally exceed the next to leading order (NLO)
QCD predictions, as well as the fixed order plus next to leading logarithm (FONLL) cal-
culations [169]. The photoproduction cross section is also measured as a function of st:?ybs.
This allows to show that a relevant contribution from charm excitation processes needs
to be taken into account by theory. In DIS electroproduction regime (Q% > 1 GeV?)
D* cross sections are compared to predictions and found in fair agreement, although
somehow undershooting data. The NRQCD prediction for J/v production yields a ris-
ing cross section for z = Ej/y/E, — 1, i.e. the kinematic boundary — in conflict with
observation.

Another observable predicted by NRQCD predictions is the ratio of diffractive pho-
toproduction rates of J/¢ vs. ¥(2S). New data from H1 are found to be consistent
with NRQCD predictions [170].

Resolved photon processes are expected to dominate the low-z inelastic region, while
direct photon processes should dominate the region up to about z ~ 0.9, with diffractive
photoproduction taking over at z ~ 1. Recent H1 and ZEUS results are reviewed
and compared [116] to colour singlet (CS) and colour singlet + colour octet (CS+CO)
predictions. As explained in Sect.4'8, the CO component enters naturally in NRQCD
model, and is fitted to the large J/4 cross section measured by CDF in 1995. HERA
data are consistent with CS+CO contributions, although data do not rise as a function
of z as rapidly as CS+CO predictions do. On the other hand, in electroproduction
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regime Q2 > 2GeV'?, the inelastic J/1p cross section measured by H1 clearly favours
CS predictions.

Yet it would be premature to condemn NRQCD for this apparent discrepancy; for in
its present level of sophistication it is not applicable in this kinematical domain. Future
refinements of NRQCD should enable us to extend its applicability there.

5'7. Hadroproduction inside heavy nuclei. — The fabric of QCD is such that it can
create an extremely rich dynamical landscape. To explore it fully one has to go beyond
observing reactions involving single hadrons. When heavy nuclei collide with hadrons
or other heavy nuclei the interactions between individual hadrons take place against the
background of nuclear matter; this can lead to highly intriguing phenomena, of which
we sketch two examples, namely the lowering of the D meson mass and colour screening
induced by the quark-gluon plasma .

Most of the mass of pions and kaons, which are Goldstone bosons, is due to how
approximate chiral symmetry is realized in QCD. Spontaneous chiral symmetry breaking
leads to the emergence of non-vanishing quark and gluon condensates. Chiral invariance
is partially restored in the medium of nuclear matter. It is expected that the masses
pions and kaons exhibit inside nuclei get changed relative to their vacuum values, and
that there is even a split between the masses of charge conjugate pairs with the nuclear
medium providing an effective CPT breaking; it has been predicted that the masses of
T and 7~ [KT and K] get shifted by about 25 [100] MeV. Experimental evidence
for such effects has been inferred from the observation of pionic atoms and the study of
the onset of Kt and K~ production in heavy-ion collisions.

The situation is qualitatively different — and richer — in the charm sector since there
the mass is due mostly to the ¢ quark mass, and different scales enter the dynamics for the
interactions with the nuclear medium. For the J/4 and 7. only a small mass reduction
of around 5 - 10 MeV is predicted, since charmonium masses are affected by mostly
gluon condensates. D mesons on the other hand offer the unique opportunity to study
the restoration of chiral invariance in a system with a single light valence quark [171]. A
lowering of both D¥ masses is predicted with a relative shift of ~ 50 MeV in M (D)
vs. M(D7™). One of the items in the GSI HESR proposal is to study these effects in
detail in pAwu collisions. Very intriguing effects are expected in the charm threshold
region: at normal nuclear density the DD thresholds falls below the 1)’ resonance; at
twice nuclear density this threshold moves below even the xc2!

The fact that hidden charm states are significantly less extended than open charm
states has been invoked as a signature for the quark-gluon plasma, where the correlation
between colour sources and sinks is broken up over small distances. If in heavy ion
collision a phase transition to the quark-gluon plasma is achieved, one expects a reduction
in J/4 production. The data are intriguing in this respect, yet not conclusive.

Charmonium production is investigated in relativistic heavy ion collisions[172], where
the NA50 experiment [173, 174] using 1996 data (158 GeV per nucleon Pb beams on
Pb target) provided circumstantial evidence for charmonium suppression, which may be
explained by the onset of a quark-gluon plasma regime. They measure J /v production
relative to Drell-Yan pair production. After accounting for conventional nuclear absorp-
tion, their data show evidence for a suddenly lower production, due to the attracting
force between the cc¢ quarks being screened by gluons, and fewer c€ pairs hadronizing
into J/.

To conclude this section, we discuss a fascinating as much as hypothetical possibility
uniquely provided by the study of charm particles in close contact to nuclear media, i.e.,
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the formation of supernuclei. In complete analogy to what has been studied in great
detail for several decades in A-hypernuclei [175], a charm quark produced at rest, or
brought to rest, could interact with the nuclear matter, replace a light quark, and form a
A baryon inside the nucleus. The A¢ would then decay. This is an appealing process
because the A¢ does not need to obey the Pauli exclusion principle, and can occupy
nuclear levels forbidden to the nucleons. The lifetime is also expected to differ from that
for free Ac, and it would be possible to study both mesonic and nonmesonic decays.
The only attempts carried out so fare have been in emulsions [176]. Supernuclei studies
are foreseen at GSI with the PANDA experiment (see Sect.13'2.5).

6. — Spectroscopy and Lifetimes

The minimal information to describe a particle are its mass and its spin (*3). Under
the term ‘mass’ we can include also the width as the imaginary part of the mass. The
width or lifetime of a particle actually characterizes its underlying dynamics in a way that
the (real) mass cannot, namely whether they are strong (even if reduced), electromagnetic
or weak, and in the latter case whether they are CKM suppressed or not. Beyond these
general remarks the situation is different for hidden and open charm hadrons.

Hidden charm states €c are characterized by a Compton wave length ~ 2/m. ~
1/3 fm, i.e. their extension is somewhat smaller than for light-flavour hadrons. They
can decay electromagnetically and even strongly, the latter however with a very reduced
width since it is order a(m¢) (for J/4p). Powerful algorithms have been and are being
developed to obtain very accurate predictions on charmonium spectroscopy from lattice
QCD thus turning their experimental study into precision tests of QCD proper .

As already explained in Sect.4'5 HQS tells us that for open heavy flavour hadrons the
two S wave configurations Pg and Vg become mass degenerate for mg — oo, while
their mass exceeds mq by the scale ~ Anpp (14) as do the P wave configuration. L.e.:

(77) me+ Anpp ~ Mp ~ Mp~ , Mp+ ~ Mp + AnpD

The degree to which the hyperfine splitting Mp« — Mp is small compared to Anypp is
one measure for whether charm is a heavy flavour. It is, though not by a large factor:

(78) Mp- — Mp ~ 140 MeV < Mp« — (Mp) ~ 480 MeV

with (Mp) = %MD + %MD* denoting the spin averaged meson mass. Also the simple
scaling law of Eq.(12) is well satisfied:

(79) Mp — Mp ~ 3.41 GeV vs. My, — My, ~ 3.34 GeV

There are further reasons to study the mass spectroscopy of charm resonances:

(13)This can be expressed for the mathematically minded reader by saying that elementary
particles are defined by irreducible representations of the Poincare group; for those are labeled
by the eigenvalues of two Casimir operators, which happen to be the mass and spin (or helicity
for massless particles). _
(**)It is usually denoted by A.



60
e For a better understanding of the transition B — £fvD* that figures prominently

in determinations of V'(¢b) — and of B — €v X, in general — one needs information
on the mass and width of D** and other higher resonances.

e More specifically, the SV sum rules [88] relate the basic HQP to the production of
certain charm states in semileptonic B meson decays. E.g. [82]:

% _2;‘71/)‘ +Z‘73/2‘
f&(p)=2< 6”‘71/)‘ +2Zem’7'3/2‘>

2
ﬂ3 :Zei‘71/2 +2Z€m‘7—3/2 ‘

pE(n)
el

‘7'1/)‘ +2Z€m‘7—3/2 ‘

here € denotes the excitation energy of the final state D¥ beyond the ground
states D and D* (e, = Mpr — Mp) while T1(72) and 7';7;) denote the transition
amplitudes for producing a state, where the light degrees of freedom carry angular
momentum j, = 1/2 or 3/2, respectively [177]. Obviously, the masses of these
charm resonances matter, as does their interpretation in terms of the quantum
numbers 1/2 or 3/2.

o The mass splittings of baryonic charm resonances provide important cross checks
for the evaluation of expectation values of four-quark operators that are highly
relevant for predicting charm baryon lifetimes as discussed below.

Beyond classification there are other reasons for measuring total widths as precisely
as possible. One needs them as an engineering input to translate branching ratios into
partial widths. This is needed, for example, to infer the value of CKM parameters from
semileptonic decays. On the phenomenological level a precise analysis of the D9 lifetime
is a prerequisite for studying D°® — DO oscillations. Finally on the theoretical side the
lifetime ratios for the different charm hadrons provide the best, since most inclusive
observables to probe hadrodynamics at the charm scale.

From the raison d’etre for charm quarks, namely to suppress strangeness changing
neutral currents to the observed levels, one infers m, < 2 GeV. The lifetime of charm
quarks can be estimated by relating it to the muon lifetime and the number (5)f colours
~ (few 10~13s) . (71'577?;\/) with an

mup ), 1

me Nc+2

obviously high sensitivity to the value of m..
These very simple estimates have turned out to be remarkably on target. Yet before

we describe it, a few comments might be in order on the charm quark mass.

and lepton flavours 7. ~ 7, -

6°'1. On the charm quark mass. — Within a given quark model a quark mass has
a clear meaning as a fixed parameter; however it depends on the specifics of the dy-
namical treatment adopted there, and therefore differs from model to model. Yet even
more importantly the connection between such quark model parameters and fundamental
quantities appearing in, say, the Lagrangian of the SM is rather tenuous. For example
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one can model single and double charm production in deep inelastic v-nucleon scattering
by charged and neutral currents with a parton model ansatz, where m. plays of course
a central role. Fitting data can yield a highly constrained value for m.. Yet such a ‘pre-
cise’ value cannot be taken at face value to describe charm hadroproduction, let alone
charmonium physics or charm decays. For that purpose one needs a proper field theo-
retical definition of the charm quark mass, which takes into account that the dynamical
environments for these reactions differ in their perturbative as well as nonperturbative
aspects. The resulting quantity has to be a ‘running’, i.e. scale dependent mass, where
one has to specify its normalization scale; these issues have been discussed in Sect.4'6.3.

The two areas where quark masses have been discussed with considerable care are
charmonium spectroscopy and the weak decays of heavy flavour hadrons.

1. The first analysis was based on charmonium sum rules that approximate nonper-
turbative dynamics through including quark and gluon condensates in the OPE
[178]. One finds for the MS mass

(81) me(me) = 1.25 £ 0.10 GeV
More recent analyses find fully consistent values:

(82) Tte(me) = 1.19 £ 0.11 GeV Ref.[179]
lMe) =1 1.30 4 0.03 GeV Ref.[180]

Lattice studies yield in the quenched approximation [181]

(83) Me(me) = 1.301 + 0.034 £ 0.134yench GeV .

2. The expansion for mp — m, given in Eq.(21) yields

pu2 — 0.5 GeV?
0.1 GeV?2

(84) mp — me = 3.50 GeV + 40 MeV ( ) + 20 MeV

Using the value for the b quark mass that has been extracted from ete~ — bb
near threshold by several groups [182]

(85) mp™(1 GeV) = 4.57 £ 0.08 GeV = mp(mp) = 4.21 + 0.08 GeV

which is in nice agreement with what one infers from a moment analysis of semilep-
tonic B decays [183], and Eq.(84) one arrives at

(86) me(me) =1.13 £ 0.1 GeV .

This value is completely consistent with what one obtains directly from the afore-
mentioned moment analysis, namely

(87) me(me) = 1.14 £ 0.1 GeV

despite the caveats stated in Sect.4'6.3 about the reliability of this expansion.
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3. As will become clear from our discussion below, one cannot infer (yet) a reliable
value for m. from the charm lifetimes.

To summarize: a quite consistent picture has emerged, which supports treating charm
as a heavy flavour.

6°2. Spectroscopy in the hidden charm sector. — Charm entered reality in a most
dramatic fashion through the discovery of hidden charm mesons and their striking prop-
erties, and our knowledge about them increased at breathtaking speed for some time due
to very favourable experimental features.

Most of the spectroscopy results have come from ete™ storage rings, where JF€ =
1~ states can be formed directly to lowest order. The three prominent states J/1(3100),
1’(3700) and "' (3770) have been well established for a long time as the 3Sy, 238,
and 3Dy states, respectively, with the last one being broad since above DD production
threshold. The nonvector states such 3Py (also referred to as xeg) and 18y can be
reached by E1 and M1 transitions from them and thus be observed in two—step pro-
cesses like ete™ — 1/ — (c€)x., + 7, see Fig. 13. This area of research pioneered by
SPEAR and DORIS has experienced a welcome renaissance due to the operation of the
Beijing Spectrometer (BES); in 2002 the BES collaboration has completed a four-month
run which yielded 14 million 1 (2S), to be added to the 4 million events previously
collected.

A qualitatively new access to charmonium dynamics has been provided by low energy
pp annihilation, since all JPC quantum numbers then become accessible, in particular
also 1Py and 1Dy and 3Dy states. The idea (pioneered by R704 at the ISR and carried
forward by E760, E835 at FNAL) is to study the formation of charmonia states in the
annihilation of antiprotons on a jet hydrogen target. E835 showed [123, 184] preliminary
measurements of masses, widths and branching ratios of the three x.j states with an
unprecedented level of precision.

Finally a third actor has appeared: the B factories CLEO, BABAR and BELLE
have such large statistics that one can study charmonia in B — [€c]X. This has been
demonstrated quite dramatically by BELLE finding 5 o and 3.5 o signals for 1.(1S) and
1c(285), respectively [185, 130]. The 1.(2S) can boast of quite a saga [186]. Previous
simultaneous observations of 1. and 7.(2S) date back to conflicting measurements in
the 1980’s (DASP, Serpukhov, MARK II and Crystal Ball). While the 7. has become
well established, the n.(2S) was not confirmed by either DELPHI or E835 in extensive
searches (30 pb~! in the range 3666 to 3575 MeV). 2000 E835 searched with higher
statistics for the 1.(2S), with negative results. The 1.(2S) was instead spotted in 2002
by BELLE at 3622 12 MeV in B decays, and 3654 £ 6 MeV in the recoil spectrum
of J/vc€ events. Similarly frustrating is the search for the singlet P-state called h..
Claimed by R704 at the ISR in 1986 and seen by E760 in 1993, the h. has not, as yet,
been confirmed by E760’s successor E835 in its 2001 data set.

One expects [187] four charmonium states below DD threshold (and thus narrow),
whose existence has not been established, namely 77":(21.5'0)7 he(11Py), ne2(11D2) and
12(13D3); they can be identified in B decays.

The potential model ansatz pioneered by the Cornell group [188] was successful in
describing the charmonium spectroscopy of Fig. 13). The factorization of nonpertur-
bative and perturbative effects into a wave function and ag corrections, respectively,
as mentioned in Sect.4'1.1 can be seen from the theoretical expression for the hadronic

width of the J/4: T(J/¢ — hadrons) = 320==9) o (71;,,)3(1 + 4.9%2)[¥(0)|2.
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The ratio of this to the leptonic width can be used to extract a value of ag: Ry, =

— 2_ (M 3 .
JJ/ZI)_{‘STZTS = 5(7;1“9) & (aej:”’) (1+10.3%2). The experimental value R,,,, ~ 14.9

leads to a reasonable result: os(My ) = 0.2. Relativistic effects of order v?/¢? can
also be included. Yet this method of extracting as is not as theoretically sound as oth-
ers. The first order radiative correction is as large as the lowest order correction calling
into question the validity of the perturbative expansion. Furthermore, the expressions
for the various widths ultimately depend on the expression that is chosen to describe
the quark-antiquark potential, which is based upon phenomenological aspects of QCD
rather than rigorously derived from it. By taking ratios, in which the dependence on the
wavefunctions vanish, this source of uncertainty can be reduced. It still remains unclear
how valid the factorization assumption is for the charmonium system in which m, is
only moderately larger than typical hadronic scales.

Radiative transitions between charmomium states can similarly be described. The
radius of the bound state is typically much smaller than the wavelength of the emitted
radiation so a multipole expansion is expected to converge quite rapidly. Electric dipole
(E1) transitions are responsible for AS = 0, AL = 1 processes. The rate for transitions
between S- and P- wave states is:

4 (2Jp+1
(88) +( ) 9(2Ji+1

) Q2a|Eif|2E,?;.

Here J¢p; denotes the total angular momentum of the final[initial] state, @ = 2/3 is the
charge of the charmed quark, E, is the photon energy and E;y is the matrix element of
the transition dipole operator: E;5 = f;o r2W,;(r) » W(r). Since this matrix element
is more sensitive to the exact shape of the wavefunction unlike |¥(0)|? that appeared
previously, considerable differences emerge among theoretical predictions. Even so, there
is reasonable agreement with experiment [129]. Magnetic dipole (M1) transitions are
responsible for AS = 1, AL = 0 processes and are suppressed by E. /m. with respect
to the E1 transitions. The transition rate between spin 0 and 1 S- wave states is given
by the following expression:

2

16 Q
(89) Iy(?81 <" So) = 5 @+ 1) (2—mc) o| Mg |* EZ.

Here the magnetic dipole moment is the expectation value of the zeroth order spherical
Bessel function: |Miys| = [;° r2%;(r) jo(:Eyr) ¥s(r). Since these matrix elements
depend quite sensitively on details of the wave functions, it is not surprising that the
agreement between theory and experiment for M1 transitions is rather poor.

The lattice community is able now to treat charmonium physics with three flavours
of dynamical quarks; from the spin-averaged 1P — 1.5 and 25 — 1S splittings one infers
for the strong coupling a5 (Mz) = 0.119 £ 0.004 [189].

Hadronic transitions like 1) — 1w are also treated using a multipole expansion
to describe the gluonic radiation. An added complication is the hadronization of the
emitted gluonic radiation. By introducing a chiral Lagrangian to describe the effective
low energy behaviour of the hadronic state, a semi-quantitative analysis can be carried
out for these transitions.

The transition J¢¥ — ~X driven by J¢Y — ~gg provides a gluonic origin for
the final state X. Accordingly states with a particular affinity to gluons should figure
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Fig. 13. — Chart of charmonium states [131].

prominently in X. Narrow states would show up as mass peaks in the -« recoil spectrum;
no prominent signal has been found yet. One can search for them also in exclusive final
states, as discussed in Sect.9.

An update overview of the experimental panorama can be found in [124]. Breaking
news in summer 2003 was the preliminary result by BELLE on the observation of a
J/ypmtn~ state in decay BT — K+ (jprtn~). BELLE finds a clear ( 8.60 ) signal
at 3871.8 £ 0.7 &= 0.4 MeV, which is suggestive of a D D* molecule.

6°3. Spectroscopy in the C # 0 sector. — Adding charm as the fourth quark leads to
a very rich spectroscopy. There are six C = 1 pseudoscalar states (plus one €c state
already discussed) in addition to 