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1. Hadronic Physics Self-Assessment

Over the past three years, the discovery of many new stateseamarkably incisive explo-
rations of a broad range of phenomena have renewed interdstdronic physics and spurred
many lively conversations between theory and experime¢isedms appropriate, when the subject
is in a healthy state of ferment, to begin with a brief assesdrof the value and aspirations of
hadronic physics.

Hadron phenomenology and spectroscopy does not test thdasthmodel. We have a quali-
tative understanding of QCD phenomenology, but many aspeetnot calculable from first princi-
ples. While we may learn how to refine our approximations t@Q@uch analysis of experimental
information relies on highly stylized, truncated pictuogshe implications of the theory. We make
models for new (and old!) states: approximations such asnpial models, or intuitive pictures
of substructure. The competing pictures are not mutualyusive; quantum superpositions are
possible. We will never discard QCD as the theory of the gtioteractions if these pictures fail
for the next state we find.

These are fair observations, and they merit our serioustaite | would note that there is
value to both fundamental and applied science, and thaptherantly less glamourous work of ap-
plied science may be just what we need to get at the fundahessans. Moreover, exploration—
the task of discovering what phenomena exist and of devepgystematics—helps us to under-
stand what the fundamental questions are, and how we mightbldress them. It was, after all,
the tension among the quark model of hadrons, the partorehamcription of deeply inelastic
scattering, and the nonobservation of free quarks that $etb yuantum chromodynamics. The
construction of a crossing-symmetric, Regge-behaveditudplfor linearly rising trajectories was
a foundational event in string theory [1].

Physics doesn't advance by perturbation theory alone, aisdworth recalling that one of
QCD's signal achievements is explaining what sets the maweqgroton—or, if you like, what
accounts for nearly all the visible mass of the Universe. ifilsgght that the mass of the proton
arises from the energy stored up in confining three quarkssmall volume, not from the masses
of the constituents themselves, is a landmark in our unaledstg of Nature [2]. The value of that
insight isn’t diminished because it is a little bit qualit@, or because a quantitative execution of
the idea requires the heavy machinery of lattice field thery5].

More generally, there is great value in a convincing phygiadure that can show us the way
to an answer (whether or not precise and controlled), or shatvsome tempting simplifying as-
sumptions are unwarranted. The chiral quark model [6], tvidentifies the significant degrees of
freedom on the 1-GeV scale as constituent quarks and Golelbmsons, offers a nice example. It
points to theu-d asymmetry in the light-quark sea of the proton [7], and presth negative polar-
ization of the strange (but not antistrange) sea, castingion a seemingly harmless assumption
that underlies the Ellis—Jaffe sum rule [8]. A lifetime ofshg at Lgcp wouldn't lead to these
expectations.

We can valuanschaulickexplanations as sources of intuition and instruments ofioeation,
while keeping clearly in mind their limitations, as we trydddress many open-ended questions,

1See Ref. [3] for contributions to the Hadronic Physics patakssions.
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including: What is a hadron? What are the apt degrees ofdra@dwWhat symmetries are fruitful?
What are the implications of QCD under extreme conditions?

Emergent behavior—in the form of phenomena that are notlgiagrived from the under-
lying microphysics—is, moreover, quite ubiquitous in jpeet physics, and especially in hadronic
physics. For example, as QCD becomes strongly coupled ath@ngies, new phenomena emerge
that are notimmediately obvious from the Lagrangian. Camfiant and chiral symmetry breaking,
with the implied appearance of Goldstone bosons, are spéhtitrations. A graceful description
entails new degrees of freedom that may be expressed in al meda the best of cases—in a
new effective field theory.

The synthesis of principles through dialogue with experitrie central to the way hadronic
physics is constructed, and runs through the agenda of tafigdaessions. | am firmly convinced
that decoding hadronic phenomena in today’s experimentsiaigs habits of mind that we will
cherish when the LHC brings surprises.

2. Where Doesthe Proton’s Spin Reside?

Contributions to the parallel session reminded us that weaddiave a complete answer to the
question, “What is a proton?” The spin of a polarized prot@yie partitioned among the quarks
(and antiquarks), gluons, and orbital angular momenturoraatg to the expressio% = %AZ+
AG+Lg+Lg. New measurements from the COMPASS experiment improvedtermination of
the quark-antiquark componentAd = 0.2373:354 and anchor the gluon contributionsat= 0.1
as %(xg = 0.1) = +0.0244+0.089+ 0.057 [9, 10]. At the same time, studies of transverse spin
effects in the HERMES experiment give evidence for orbitaudlar momentum carried by the
quarks [11]. BELLE also contributes to this program by meagLthe fragmentation function of a
transversely polarized quark [12]. This area offers butexample of diverse experiments making
common cause.

3. Searching for Connections

The essence of doing science consistmaking connectionthat lead us beyond independent
explanations for distinct phenoma toward a coherent utalgding of many phenomena. A net-
work of understanding helps us see how different obsemafibtogether and—very important—
helps us know enough to recognize that sometdiogsn't fit.

Connections among experiments or observations are notlgéroportant ones. Whenever
it is possible, we need to make connections between expetaingystematics, phenomenological
models, and the QCD Lagrangian—either directly, or throefjictive field theories, lattice field
theory, or a controlled approximation to full QCD. | wouldalstress the potential value of reaching
toward connections with our knowledge of nuclear forces &itl the phenomena that occur in
nuclear matter under unusal conditions.

We recognize different circumstances under which varique@imations to QCD can be
regarded as controlled expansions in small parametersehaivistic QCD applies to heavy-heavy
(QlQ_g) mesons, for which the quark masses greatly exceed the Qa@l®sarameteng, > Aqcp.
Befitting its aptness for the nonrelativistic limit, NRQCH&Kes as its expansion parametge, the
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heavy-quark velocity divided by the speed of light. Heawak effective theory (HQET) applies
usefully to heavy-lightQq) systems, for whiclng > Aqcp. In first approximation, the spin of the
heavy quark is regarded as static, so the “light-quark Sf)jﬁ: K+§q is a good quantum number.
The relevant expansion parameteNigcp/mg. Chiral symmetry is a valuable starting point for
light quark systemsof ) with mg < Agcp. In this case, the expansion parameter compares the
current-quark mass to the scale of chiral-symmetry bregkand is generally taken as,/4mfy,
where f;; is the pion decay constant. In a growing array of settingsicea QCD embodies a
controlled approximation that expresses the full dynahdoatent of the theory [13].

4. Seeking the Relevant Degrees of Freedom

Much of our insight into how hadrons behave follows from tima@ifying assumption that
mesons are quark—antiquark states, baryons are threk-sfaées, and that the quarks have only
essential correlations. In the case of baryons, this réagdeads us to the plausible starting
point of SU(6) (flavor-spin) wave functions, which indeefkofa useful framework for discussing
magnetic moments and other static properties. Some wellvkrobservations, however, show us
the limitations of the zeroth-order guess. If we examingptiemelastic scattering in the limit as
X — 1, spin asymmetries indicate that the SU(6) wave functioasreadequate [14], and the ratio
FJ'/F) is far from the uncorrelated expectationff15].

Under what circumstances might it be fruitful—or even efisénto consider diquarks as
physical objects [16]? The algebra of SU(8lIs us that the ® 3 quark—quark combination is
attractive in the8* representation that corresponds to an antisymmetric dicgieucture. A sim-
ple analysis suggests that the attractiomqofs- is half as strong as that of theg]; (3@ 3* — 1)
channel. For many years, it has seemed to make sense to reganders of the scalar nonet
{ fo(600) = 0,k (900), fy(980),a0(980)} as qqqq states organized akygjs-[qq]s|1 [17]. Recently,
intrinsic diquarks(Juuude)) and intrinsic double-charm Fock statésudacc)) have been ad-
vanced as an explanation of the production of the SEEEecd) and=(ccu) states [18]. Diquarks
as objects have elicited new attention under the stimulexpérimental evidence for pentaquark
states [19, 20, 21]. (The attention to pentaquarks shoutgebr as part of a broader investigation
into the existence of configurations, or body plans, beygagglandqgqg.) That work, in turn, has
led Wilczek and collaborators to revisit the Chew—Fraduitsglstematics olN, A resonances [22],
and to assert that it is useful to view even low-spin, lightybas asg[qq]s- configurations. What
can lattice QCD tell us about the shapegofgbaryons—hboth at the lowest spins and at high an-
gular momenta [23]? Can the quark—diquark picture be ratmhwith intuition from the N
expansion [24, 25]?

It is worth testing and extending tlognqs- proposal by considering its implications for doubly
heavy QQg) baryons. The comparison with heavy-lighiq) mesons offers a chance to calibrate
the attractive forces in th& and color-singlet channels [26, 27]. Similarly, extend#tgdies of
the systematics afg- qq states taQq- (5cTstates should, over the long term, develop and challenge
the way we think about diquarks. Finally, in heavy-ion @bins, we should be alert for tests of the
utility of diquarks in color—flavor locking, color superadunctivity, and other novel phenomena.
Tugging the diquark concept this way and that will help eliaté the value of colorspin [28] as
an organizing principle for hadron spectroscopy, and helpinderstand the relevance of color-
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nonsinglet spectroscopy [29]. Similar in their aspiratiare the considerations of diquark—triquark
configurations [30] and of the power of the chiral-solitootpie for baryon spectroscopy [31, 32,
33].

5. Exotic Baryons (Pentaquarks)

Over the past three years, numerous experiments have edparidence for narrow exotic
baryons carrying quantum numbers incompatible with thedstedgggbody plan? These reports
include many sightings @ (~ 1540, with K™ nquantum numbers; a recent claim®f+ (1530,
with K* p quantum numbers, in the STAR experiment at RHIC [35]; evigefior=""°(1862 and
their antiparticles in the NA49 experiment at CERN; and ewick for a baryon with negative
charm,0%(3099), in the H1 experiment at DESY. All of these states could berpreted asiqqa
pentaquarks, and those composed of light quarkiss alone could be assigned td@* represen-
tation of flavor SU(3). It is by no means obvious on dynamicalugds that narrow pentaquarks
should populate full multiplets. Quantitative informatiabout pentaquarks—or other states that lie
beyond the 1960s quark moddhut within the spectrum allowed by quantum chromodynamics—
would allow us to refine heuristic pictures of hadron stroetand sharpen our understanding of
QCD in the confinement limit. Accordingly, the pentaquarkhdiglates have elicited much theoret-
ical attention.

Many sensitive, high-resolution experiments do not supia observation of pentaquarks.
Indeed no claim is unchallengednd it is hard to argue that every experiment—whether ofteri
positive or negative evidence—is both significant and alyenterpreted.

Recently, the two experiments that began the pentaquarkhage reported new data. The
LEPS experiment [37] has taken new runs on liquid hydrogehlauid deuterium targets. In
the reactionyd — K~ pX, they see excesses in the mass spectrum of particles necaijainst
K~p at 153 GeV and 16 GeV; at the lower peak, the ratio of signal ysignaHbackground
is approximately 5. The CLAS experiment at JLab has takea dathydrogen and deuterium
with samples about an order of larger than in their origingdeziment. Inyp — KsK*n with
approximately 1500 counts per 4-MeV bin, they se@riosignal [38]. There is also no sign 6f*
in theiryd — K~ pK*™n sample [34]; an increased estimate of background redueesighificance
of their original claim tox~ 30.

Here in Lisbon, we have heard limits on pentaquark prodadtiZ® decays from the DEL-
PHI experiment [39]; the nonobservation®f, ="~ in the HERA-B experiment [40]; and status
reports on the contending evidence on strange and charnméaguerks from the™ p collider ex-
periments H1 and ZEUS [41, 42]. THefactory experiments BaBar and Belle reported limits on
pentaquark production based on the study of interactiotisadgtector elements [43, 44], a lovely
technique.

The case for exotic baryons remains unproved. If you wonder it could be possible for
an apparently robust signal, confirmed in multiple expentagto prove misleading, | refer you to
the great sensation of the 1969 Lund Conference, the twk-gteacture of the splid, (now ap)
meson [45].

2See Volker Burkert's summary at Uppsala [34] for a recenteyiof the evidence.
3Exotic qqaq “tetraquarks,” for example [36].
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6. Dalitz-Plot Analyses

Among many parallel-session contributions on productima decay dynamics, | would like
to point to three applications of Dalitz-plot techniqueatthre representative of a new era in the
extraction of decay amplitudes and relative phases. CLE€ports a large number of studies in
progress [46]. Among them, the aim of determining the strohase between the decap8 —
K*K*T for extraction ofgs = y from B* — KTK*TK* has a direct practical application.

In BaBar's study of th®°® — KK +K ~ Dalitz plot, the dominant channels are seen t®Be-
K%a0(980), K%, K~ag (980) [47]. The amplitude information offers new possibilities tudying
the scalar nonet, whichis also a target of the KLOE studiesef — ¢ — yfo(980), yao(980) [48].
KLOE has also examinedpand 7y final states in the reactia@ e~ — ¢ — yn. Their noteworthy
results include a measurement of the slope parameter irCife® channel and a determination
of the branching fractiomB(n — myy) = (8.4+ 2.7+ 1.4) x 107>, about ten times smaller than a
1984 GAMS result, and in line with chiral perturbation theor

7. Beyond ldealizations

There is potentially great value to be gained by stretchurgiaodels and calculations beyond
the domains in which we first encountered them. By leavingtivefort zone, we may happen on
effects that were unimportant—or concealed—in the origée&ting. An excellent example is the
prospect of extending our descriptions of thécc) andY (bb) systems to the spectrum Bf (bc)
mesons [49]. Several factors contribute to the theoreititaiest inB.. Thebc system interpolates
between heavy-heavyg@ and heavy-lightQq) systems. The unequal-mass kinematics and the
fact that the charmed quark is more relativistic ib@bound state than in the correspondirtg
level imply an enhanced sensitivity to effects beyond niatirgstic quantum mechanics.

The new element ibc theory is lattice QCD calculations that include dynamicahiks.

A Glasgow-Fermilab collaboration predid#(B.) = 6304+ 20 MeV [50]. Establishing th&,
ground state in nonleptonic decays&Ap, a3 J/P are the most promising final states—will pin
down the mass with greater certainty than is possible in ¢ngleptonicJ/@év channel. A first
measurement by the CDF experiment in #i¢ 1t channel giveM (B.) = 6287+5 MeV [51], in
pleasing agreement with the lattice computation. Begigrnireconstruct some part of tie
spectrum iny or TT" 1T cascades to the ground state will be an experiméatatde-force.

Let us take a moment to review some elementary points abasamtaxonomy that are rele-
vant to intermediate cases—including tiesystem. Two useful classification schemes are famil-
iar in atomic spectroscopy as th&and jj coupling schemes. Any state can be described in any
scheme, through appropriate configuration mixing, but grisdent to keep in mind that a choice
of basis can guide—or maybe misguide—our thinking.

For equal-mass meson systemg 6r Q@) it is traditional to couple the orbital angular mo-
mentum,L, with the total spin of the quark and antiquaB- S+ Sg- This is the standard practice
for light mesons, and is now familiar for the designation oatkonium ¢c and bl:_>) levels. The
good quantum numbers are thgnl, andJ, with J= L + S, and we denote the spin-singlet and
spin-triplet levels adSy —3S;; *Py —3Pg10; 'D> —3D123; and, ingeneral, a% | — 3 1) (41.
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In the case of heavy-lightJg) mesons, it is suggestive to couple the difficult-to-fliphea
quark spingg, with the “light spin,” jq = L + ;. The good quantum numbers are therjq, andJ,
whereJ = So+ Tq, and the low-lying levels are

L=0: jg=3: 0 -1-

{%: ot -1t
L=1:jqg=1 3. , etc.
5o 1t-2f

In the absence of configuration mixing, this classificatimplies that thegjq = % states will decay
only through thed-wave, and so will be narrow. Thig = % states, for whicts-wave decay is
allowed, will in general be broad. It bears emphasis thaDds systems could be exceptions to
this rule, because of the limited phase space availablesfon lemission.

It makes sense to seek out intermediate cases wherever wiindathem. We expect, for
example, mixed 1 levels in theB. = bc spectrum, but detailed information is not likely to be in
our hands soon. A more accessible case might be that of tregstparticlessq), for which the
go-inspiredLS classification has been the standard. Perhaps some unedjresights might come
from considering strange mesons as heavy-lighj) (states [52]. In any event, it is worth asking
how infallible is the intuition we derive from regardifidy states as heavy-light.

Here in Lisbon, we heard an indication from the Belle experitrthat configuration mixing
may not be negligible for the'1Ds levels. An angular analysis of the deday; (2536) — D**Ksg
indicates the presence of a largg&vave amplitude [53]. That is to say, the putative= % state
seems not to decay in a pulevave. Nevertheles§g (2536) remains narrow, with a total width
less than B MeV. Is this because thig = 1 level with which it might mix is anomalously narrow
(as we shall recall next), or is there another explanatiothi® smalls-wave width?

Two states that might be identified as tfae= 3 cSlevels are well established, the 03,(2317) —
Dsr® and 1" Dsy(2460) — Dgy, DZr®. Their centroid lies some 135 MeV below that of the= 3
states, the 1 D¢;(2536) and 27 D%,(2573. The low masses disagree with relativistic potential
model predictions, and mean that the expected strong dec&pdn emission is kinematically
forbidden.

The fact thaDZ,(2317) andDsj(2460 appeared in isospin-violating decays stimulated inter-
pretations beyond the standaiglbody plan, includinddK molecules and tetraquarks. It is note-
worthy that the BaBar experiment looked for, but did not fipdstners with charge 0 at2 [54].
Radiative decay rates should be an incisive diagnostic J5&] any interpretation of theg; states,
it is imperative to predict what happens in tBg system. Experimenters need not wait for the
theorists to place their bets. Tracking down Big analogues should be a high priority for CDF
and D@!

| think the evidence is persuasive that thg levels are ordinargs states at lower masses than
anticipated, and | find it intriguing that these states migikie us a window on chiral symmetry
in a novel setting [56, 57, 58]. Let us suppose that, conttarstandard intuition in light-quark
systems, chiral symmetry and confinement might coexist avirdight mesons. Then we would
expect to observe chiral supermultiplets: states withtarehngular momenth, L+ 1, but the same
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value of jq. Specifically, we should find the paired doublets

jg=3:1507,17) and 1RO*,17);
jg=3:1P(1*,2*) and 10(17,2").

Chiral symmetry predicts equal hyperfine splitting in thérge doublets Mp,1+) — Mp o+) =
Mpg(1-) — Mpyo-), in agreement with what is observed. So far, the predictfonslecay rates
match experiment [59, 60]. In addition to confronting chgyammetry’s predictions for thBs and
other families, we need to ask to what extent the coexistefickiral symmetry and confinement
is realized in QCD, and how chiral symmetry may be restorezkaited states [61].

8. Quarkonium Spectroscopy

In the parallel sessions, we had the pleasure of hearing d dbbeautiful new results og
andY spectroscopy. Here are some of the highlights.

The CLEO experiment reported the discovery of the long-blug1'P; )level inyy — 1°h. [62].
The mass of the new statd,(h;) = 35244+ 0.6+ 0.4 MeV, is about 1 MeV below the®P; cen-
troid. Belle reported extensive studiesygf— nc, X0, Xec2 — hth=,h*h~h™h~ [63]. Several of
the rated (n¢ — yy)B(nc — f) are about one-third of current world averages [64]. CLEO has
observed the rare decay(3770 — TtJ/y at a branching fractiomB(Q(3770 — T J/Y) =
(214+25+22) x 10~°[65]. This is important engineering information for angating the prop-
erties of the D, levels. They have identified a rare radiative decayfwith a partial width
(Y3770 — yxc1) = 75+ 18 keV [66]. Finally—in the charmonium sector—the KEDR esipe
ment in Novosibirsk has employed resonance depolarizégihmiques to make precise energy de-
terminations that enable them to characterize the magé@s = 3686117+ 0.012+0.015 MeV
andM(y”) = 37735+ 0.9+ 0.6 MeV [67].

In thebb sector, CLEO has presented another measurement of gréaeerigg significance,
the determination of th&." yield on the 5S resonanceB(Y(5S) — Bg*)é(s*)) =160+26+
6.3% [68], and has made a precise determination of the 1S, 2B38neptonic widths [69].
One number that shows the quality of the measurememmgviElS) — ete ) = 1.336+ 0.009+
0.019 keV. Such information will provide a good test of latticulations of the bottomonium
spectrum [70] and provides needed input for improved pakniodel descriptions. There is also
news about hadronic cascades. The Belle experiment hasvetlsé8+ 6.9 events consistent
with the transitionY(4S) — 1t 1t Y(1S), corresponding to a branching fractigh= (1.1+ 0.2+
0.4) x 1074 [63]. CLEO has offered evidence for the first observation adifonic cascades not
involving a 3S; level, determining partial widths ~ 0.9 keV for the transitions(’b(23P271) —

T TT Xp(13P21) [69].

9. New States Associated with Charmonium

In the three years since the Belle Collaboration annourfeedbservation of the'®, cC state
in exclusiveB decays [71], new states have arrived in great profusion.dtitian to the 1P,
hc(3524) level already mentioned [72], we have credible evidencéifernew particles connected
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with the charm-anticharm system. The best known of theX¢3872) [73], clearly established in
several experiments. On current evidence, it is likely t@ldB® = 1++ state, and igprobably not
charmoniumMore about theX(3872) shortly.

The remaining particles need confirmation; each has beandg in a single experiment
so far. Belle [73] has reported(3940+ 11) in the decayB — KwJ/; it is a relatively broad
state, with a total widti™ = 92424 MeV. Belle also reports the sta¥§3936+ 14), seen in
e"e” — J/W+ X [74]. Itis observed to decay inD*, but notDD, which suggests an unnatural
parity assignment. The total width 5= 39+ 24 MeV. These characteristics maXé3936) a
plausiblen”(3'Sp) candidate [75, 76].

Belle has observed a narrow & 20 MeV) state inyy — DD that they callzZ(3931+ 4+
2) [77]. The production and decay characteristics are caerdistith a 2+ assignment, and this
state is a plausiblg,, (2°P,) candidate [75, 76]. The most recent addition to the cdbbecis
Y (4260, a I~ level seen by BaBar iete~ — yrt'mt J/ [78], with supporting evidence from
B — K= J/Wr [79].

As if seven new states were not enough, there are more chaimdevels to be found [80, 81].
Two of these—the unnatural parity-3D, states that should lie betweBD andDD* threshold—
have been anticipated for three decades. The@,(3831) (13D,) state should be seen to decay
into yXc1,2 and o/, but not toDD. Its hyperfine partner, the 2 Nc2(3838 (1!Dy), should be
observed in decays i, andmim., but not toDD. Then there are a couple of states, along with
the 2P, and perhaps'®, levels mentioned above, that we have only come to anticgmtearrow
on the basis of recent coupled-channel calculations. Taesthe 3~ 3(3868 (13Ds), which
should be observed as a quite narré6w<(1 MeV) peak inDD, and the 4+ W4(4054) (13F4), which
should also be seen add resonance witli <5 MeV. And let us not forget the possibility that
gluonic degrees of freedom will manifest themselves in tienfof hybridccg levels [82, 83, 84].

All of theseXs andYs are very confusing, so we may have to admit that our alplshbet rich
enough to accommodate the new reality of charmonium spsipy. By good fortune, Dr. Seuss,
author of the children’s classi€ Gato do Chapéuhas anticipated our need and extended the latin
alphabet to include new letters suchcagn, yekk, spazz, andfloob [85]. Should we assign to
the Particle Data Group the responsibility of deciding vahparticle is ayekk and which &floob,
or should that honor rest with the discoverers?

10. What is X (3872 — tutJ/P?

The X(3872) is the best studied of the neee-associated states, and it has been subjected
to a broad range of diagnostic tests. Upon discov¥(3872 seemed a likely candidate fgr,
(or perhapsps), but the expected radiative transitionsxiostates have never been seen. Tine
mass spectrum favors high dipion masses, suggestifg @ decay that is incompatible with the
identification ofX (3872 — 1" 1t~ J/P as the strong decay of a pure isoscalar state. Observing—or
limiting—the Tr® J/y decay remains an important goal. An obserdafi3m decay suggests an
appreciable transition rate 33 w. Belle’s 44-0 observation of the decay(3872 — J/Py deter-
minesC = +, opposite to the charge-conjugation of the leading chaimmmrcandidates. Finally,
an analysis of angular distributions supports the assigh#&€ = 1+, but the mass oX(3872) is
too low to be gracefully identified with the'R; charmonium state, especially2{3931) is iden-
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tified as the 3P, level. [It is important to note that our expectations for rhanium states above
DD threshold have matured to include the coupling®@levels with open charm.]

If X(3872 is not a charmonium level, what might it be? Three interpiets take the near-
coincidence of the new state’s mass and@{B*° to be a decisive clue: amwave cusp ab°D*°
threshold [86], &D° — D*© “molecule” bound by pion exchange [87, 88, 89, 90], and a ik
antidiquark “tetraquark” stateeq|[cq] [91, 92, 93]. What distinctive predictions might allow us to
put these interpretations to the test? On the thresholdheeha@ent interpretation, we should expect
bumps at many thresholds, but no radial or orbital excitetidf pion exchange is decisive, then
there should be no analogue moIecuIeD@f; threshold. The tetraquark interpretation suggests
thatX (3872 should be split into two levels, becauise][cu] and[cd][cd] would be displaced by
about 7 MeV. If diquarks are useful dynamical objects, tlsr@uld be a sequence of excited states
as well.

The implication thaX (3872 could be resolved into two states has already attractediexpe
mental attention from BaBar [79]. The evidence is far frongigiee, but | report it to you as an
illustration of the lively dialogue between experiment dhdory that has characterized this sub-
ject. 612+ 15.3 events that fit the hypothedBs — KX (3872 lead to a mass of 3873+0.6+
0.1 MeV, whereas 8+4.5B? — KX (3872 events yield 386§+ 1.2+0.2 MeV. The mass dif-
ference, 27+1.3+0.2 MeV, doesn'’t yet distinguish between adeand two. The same study com-
pares the ratio of the charged and neutral decRys,B(B° — K°X(3872)/B(B~ — K~X(3872) =
0.50+0.30+ 0.05, to be compared with the expectations of the tetraquirk:(1) and molecule
(R £0.1) pictures.

Braaten & Kusunoki [94] have called attention to a fascim@phenomenon (known in nuclear
physics as a Feshbach resonance) that should occur if a dyaldevel and a threshold coincide:
an extremely large scattering length that is governed (galg) by the difference between the
bound-state energy and the threshold. | do not think ¥{8872 meets the conditions, but we
should be attentive for this circumstance—perhaps eveaorferof the other new states.

The campaign to understarX{3872 has called on numerous heuristic pictures, and has
spurred theorists to elaborate simple images into calomal tools. Coupled-channel potential
models appear to be useful interpretive tools; they havp bellearn wha(3872) is not, and
we will see how helpful they can be in making sense of the otlegr states. One can only be
impressed with the increasing effectiveness of lattice @&bow threshold) [13, 95, 70]. We still
await a definitive sighting of the influence of the gluonic degs of freedom on the spectrum of
quarkonium or states related to quarkonium. To test our nstaieding 0fX (3872 and the other
new states, it would be extremely helpful to know what happierthebt_) system. For a more
extensive recent discussion of the new states in the chaommystem, see Ref. [96].

11. Outlook?*

Hadronic physics is rich in opportunities. Models—disiripd by principles—are wonderful
exploratory tools that can help us to uncover regularitied surprises. It is important that phe-
nomenological studies make contact at every opportunitly aymmetries and with lattice QCD,

4See Ref. [97] for a different emphasis and more expansiwe efe¢he subject.
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especially as the incorporation of dynamical quarks besometine. Our goal—itis the goal of all
science—must be to build coherent networks of understandiot one-off interpretations of data.
In both experiment and theory, in both exploration and exgti@n, we profit by tuning between
systems with similar but not identical characteristics] by driving models beyond their comfort
zones.

In spectroscopy, | see much to be gained from a comparisomedfiadronic body plans we
know: quark—antiquark mesons and three-quark baryonk,thét diversity that springs from light
and heavy quarks. Light-quark mesons, heavy-light mesams heavy quarkonia call upon dif-
ferent elements of our theoretical armamentarium, as dgobarcontaining 3, 2, 1, or 0 light
quarks—but all are hadrons, and some of what we learn in otte@gehould serve us in an-
other. Do other body plans occur in Nature—two-quark—twbtemark mesons, four-quark—one-
antiquark baryons, and more? What réle do diquarks playteroiéning the hadron spectrum and
interactions? And what lessons might we draw from the bemafihadronic matter under unusual
conditions, including those that prevail in heavy-ion =ins?

High-rate experiments more incisive than ever before avengius new looks at familiar
phenomena and new opportunities to exploit establishdthiqaes. Dalitz-plot analyses offer
exquisite sensitivity to small amplitudes and access te@laformation. We are gaining a richer
understanding of diffraction, hadronization, and thedtrte of the proton.

In addition to the specific measurements | have mentionedtatathers have highlighted in
the course of this meeting, | would like to underscore theealf broad searches for new mesons
and baryons. BaBar’s discovery DE; and Belle’s string of observations remind us that you don't
have to know precisely what you are looking for to find someghinteresting: combining a conve-
nient trigger particle with an identifiable hadron or tw¢dAp or Y) + 1 1ot K, Ks, p, A, ¥, N, W, .. —
can be very profitable indeed.

In experiment and theory alike, let us use our models andrancated versions of QCD to
guide our explorations and organize our understandingusdieep in mind the limitations of our
tools as we focus on what we can learn of lasting value. Lealbsye all, try to discern where the
real secrets are hidden.

Acknowledgments

| am grateful to Pepe Bernabéu and the Organizing Commitie¢hkir kind invitation to
present this report, and for the stimulating and enjoyatstmaphere of HEPP2005. | thank Helen
Quinn for her thought-provoking comments on hadronic ptgsilelivered aHeavy Quarks and
Leptons 2004 Andreas Kronfeld called my attention to Ref. [85]. Jon Rarsoffered helpful
advice.

It is my pleasure to thank Karin Daum and Gerhard Mallot faiitinsightful work as con-
venors of the Hadronic Physics parallel sessions, and tooadiedge the important contributions of
the forty-three speakers. | regret that | could not discusgyecontribution in this short summary.

References

[1] G. Veneziano, Nuovo Cim. A7, 190 (1968).
400/11



Hadronic Physics & Exotics Chris Quigg

[2] F. Wilczek, Phys. Toda®2 (11) 11 (November 1999).
[3] Parallel session talks are available at http://wwwgtfevents/2005/hep2005/talks/session5.html.
[4] U. M. Heller, “Some results from full 2+1 flavor simulatis of QCD,” parallel session talk.

[5] A. Ukawa, “Hadron Spectrum from Lattice,” talk at Intetional Conference on QCD and Hadronic
Physics, Beijing, June 2005, http://www.phy.pku.edu-gafl/transparency/20-plen-m/Ukawa.pdf.

[6] A. Manohar and H. Georgi Nucl. PhyB234, 189 (1984).
[7] E. J. Eichten, I. Hinchliffe, and C. Quigg, Phys. Rev4b) 2269 (1992).
[8] J.R. Ellis and R. L. Jaffe, Phys. Rev.9) 1444 (1974) [Erratum-ibid. D0, 1669 (1974)].
[9] J. Pretz, “Spin structure with COMPASS,” parallel sessialk.
[10] S. Procureur, “Recent measuremenfAG&/G at COMPASS,” parallel session talk.

[11] E. Avetisyan, “Transverse spin effects in single andldle hadron production at Hermes,” parallel
session talk.

[12] R. Seuster, “Fragmentation functions at Belle,” piatadession talk.

[13] C. Davies, “Non-perturbative Field Theory,” plenaak at HEPP2005,
http://www.lip.pt/events/2005/hep2005/talks/hep20@tk_ChristineDavies.pdf.

[14] V. W. Hughes and J. Kuti, Ann. Rev. Nucl. Part. S23, 611 (1983).
[15] W. Melnitchouk and A. W. Thomas, Phys. Le®377, 11 (1996) [arXiv:nucl-th/9602038].

[16] M. Anselmino, E. Predazzi, S. Ekelin, S. Fredrikssod 8nB. Lichtenberg, Rev. Mod. Phy85,
1199 (1993).

[17] R. L. Jaffe, Phys. Rev. 05, 267 (1977).

[18] S. J. Brodsky, Acta Phys. Polon.38, 635 (2005) [arXiv:hep-ph/0411028].

[19] R. L. Jaffe and F. Wilczek, Phys. Rev. Ledil, 232003 (2003) [arXiv:hep-ph/0307341].
[20] E. V. Shuryak, J. Phys. Conf. S&.213 (2005) [arXiv:hep-ph/0505011].

[21] E. Jenkins and A. V. Manohar, Phys. Rev. L68, 022001 (2004) [arXiv:hep-ph/0401190Q].

[22] A. Selem,A Diquark Interpretation of the Structure and Energies ofdtans,S. B. Thesis, MIT,
2005; see F. Wilczek, “Diquarks as inspiration and as objeict From Fields to Strings:
Circumnavigating Theoretical Physidgn Kogan Memorial Collection edited by M. Shifman,
A. Vainshtein, and J. Wheater (World Scientific, Singap@@85) vol. 1, pp. 77-93
[arXiv:hep-ph/0409168].

[23] M. Cristoforetti, P. Faccioli, G. Ripka and M. Trainihi?s. Rev. D71, 114010 (2005)
[arXiv:hep-ph/0410304].

[24] G.'tHooft, Nucl. PhysB72, 461 (1974).

[25] R. F. Dashen, E. Jenkins and A. V. Manohar, Phys. Red9,2713 (1994) [Erratum-ibid. B1, 2489
(1995)] [arXiv:hep-ph/9310379].

[26] D. Ebert, “Relativistic description of heavy barydrdeavy Flavours parallel session talk.
400/12



Hadronic Physics & Exotics Chris Quigg

[27]

(28]
(29]
(30]
(31]

(32]
(33]
(34]

(35]
(36]

(37]

(38]

(39]

[40]
[41]
[42]
[43]
[44]

[45]

[46]

[47]

D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rew2) 034026 (2005) [arXiv:hep-ph/0504112].
See also D. Ebert, R. N. Faustov, V. O. Galkin and A. P. MantkoePhys. Rev. 36, 014008 (2002)
[arXiv:hep-ph/0201217], and D. Ebert, V. O. Galkin and RRsdustov, Phys. Rev. B7, 5663 (1998)
[Erratum-ibid. D59, 019902 (1999)] [arXiv:hep-ph/9712318].

R. L. Jaffe, Phys. Rev. @5, 281 (1977).
R. L. Jaffe, Phys. Rev. 32, 074508 (2005) [arXiv:hep-ph/0507149].
M. Karliner and H. J. Lipkin, Phys. Lett. B75, 249 (2003) [arXiv:hep-ph/0402260].

D. Diakonov, inAdvanced School of non-perturbative quantum field phydrrsceedingsedited by
M. Asorey and A. Dobado (World Scientific, Singapore, 1998),1-55 [arXiv:hep-ph/9802298].

D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys.389, 305 (1997) [arXiv:hep-ph/9703373].
J. R. Ellis, M. Karliner and M. Praszalowicz, JHIBRO05, 002 (2004) [arXiv:hep-ph/0401127].

V. Burkert, “Have pentaquark states been seen?” pletadk at Lepton-Photon 2005, Uppsala,
http://Ip2005.tsl.uu.se/~Ip2005/LP2005/programmesgpntationer/8_burkert LP_2005_talk_1.ppt.

S. Kabana, “Review of pentaquark searches,” High Bnalgclear Physics parallel session talk.

K. Freudenreich,@p production in two-photon collisions,” parallel sessiolkta
I. V. Anikin, B. Pire and O. V. Teryaev, Phys. Lett.@6, 86 (2005) [arXiv:hep-ph/0506277].

T. Nakano, “Search for Pentaquarks,” at the Intermati@Conference on QCD and Hadronic Physics,
Beijing, June 2005, http://www.phy.pku.edu.cn/~gcdig@arency/20-plen-m/Nakano.pdf.

R. DeVita, “Search for Pentaquarks at CLAS in Photopiaitbn from Proton,” at April 2005 APS
Meeting,
http://www.jlab.org/div_dept/physics_division/talBackground/Hall_B/DeVita_aps2005.ppt.

N. Pukhaeva, “Search for Doubly Charged and Doublyr&tesPentaquarks statesdrboson decays
with the DELPHI detector at LEP,” parallel session talk.

T. Zivko, “Search for Pentaquarks in Proton-NucleugliSions with HERA-B,” parallel session talk.
S. Chekanov, “Strange pentaquark production at HERArallel session talk.

D. Ozerov, “Charmed pentaquark searches at HERA,"ljghsession talk.

E. Graugés. “Pentaquark searches at BaBar,” parasslien talk.

R. Mizuk, “Search for th@®@™ pentaquark using kaon secondary interactions in the rahtsfrthe
Belle detector,” parallel session talk; K. Aeal.[Belle Collaboration], arXiv:hep-ex/0507014.

B. Magli¢, “Meson Resonances,” Proceedings of the Lund International Conference on Eldargn
Particles,held at Lund, Sweden, June 25-July 1, 1969, edited by G. FDaodel (Institute of
Physics, Lund, 1969) pp. 269-320. See especially chapkara brief post-mortem, see

P. F. Harrison, “Blind analysis,” J. Phys.Z8, 2679 (2002); also il\dvanced Statistical Techniques
in Particle PhysicsEdited by M. R. Whalley and L. Lyons (Institute for ParticleyRics
Phenomenology, Durham, 2002)
http://www.ippp.dur.ac.uk/Workshops/02/statisticsfeedings//harrison.pdf.

M. Selen, “Hadronic substructure & Dalitz analyses BEO,” parallel session talk; for a Dalitz-plot
animation, see http://www.lip.pt/events/2005/hep2€0ks/dalitz_animation.avi.

D. Altenburg, “Charm Spectroscopy at BaBar,” parafiession talk.
400/13



Hadronic Physics & Exotics Chris Quigg

[48] P. Gauzzi, “Radiative Phi decays at KLOE,” parallelsien talk.
[49] E. J. Eichten and C. Quigg, Phys. Rev4} 5845 (1994) [arXiv:hep-ph/9402210].

[50] I. F. Allison, C. T. H. Davies, A. Gray, A. S. Kronfeld, B. Mackenzie and J. N. Simone [HPQCD
Collaboration], Phys. Rev. Let®4, 172001 (2005) [arXiv:hep-lat/0411027].

[51] D. Acostaet al.[CDF Collaboration], “Evidence for the exclusive dedy — J/y 1t and
measurement of the mass of themeson,” arXiv:hep-ex/0505076.

[52] E. J. Eichten, C. T. Hilland C. Quigg, Phys. Rev. L&tt, 4116 (1993) [arXiv:hep-ph/9308337].

[53] A. Drutskoy, “Charm hadronic physics at Belle,” paehisession talk.

[54] B. Aubertet al.[BABAR Collaboration], arXiv:hep-ex/0408067.

[55] P. Colangelo, “On the structure Dk;(2317) andDs3(2460),” parallel session talk.

[56] W. A. Bardeen, E. J. Eichten and C. T. Hill, Phys. Re\6& 054024 (2003) [arXiv:hep-ph/0305049].
[57] M. A. Nowak, M. Rho and I. Zahed, Acta Phys. Polon3® 2377 (2004) [arXiv:hep-ph/0307102].

[58] Y. S. Kalashnikova, A. V. Nefediev and J. E. F. RibeirbyB. Rev. D72, 034020 (2005)
[arXiv:hep-ph/0507330].

[59] E. Eichten, Nucl. Phys. Proc. Supfi2, 242 (2005).

[60] E. J. Eichten, “New Developments in Heavy-Light Syst¢n@WG3, Beijing,
http://www.qwg.to.infn.it/WS-oct04/WS3talks/Oct14E2chten_Ds.pdf.

[61] L. Y. Glozman, Acta Phys. Polon. 85, 2985 (2004) [arXiv:hep-ph/0410194]; E. S. Swanson, Phys.
Lett. B582, 167 (2004) [arXiv:hep-ph/0309296]; M. Shifman, “Highlyaited hadrons in QCD and
beyond,” arXiv:hep-ph/0507246.

[62] D. Miller, “Charmonium at CLEO,” parallel session talk
[63] A. Sokolov, “Studies of conventional quarkonia at B¢llparallel session talk.
[64] S. Eidelmaret al.[Particle Data Group], Phys. Lett. 892, 1 (2004).

[65] N. E. Adam [CLEO Collaboration], “Observation ¢f{3770 — 1ot/ and measurement of
FeeW(29)),” arXiv:hep-ex/0508023.

[66] T. E. Coan [CLEO Collaboration], “First observation93770 — yxc1 — WIW,”
arXiv:hep-ex/0509030.

[67] K. Todyshev, “Precision measurements of masses ofibigium states,” parallel session talk.

[68] M. Artusoet al.[CLEO Collaboration], “First Evidence and MeasuremenBEff BS*) Production at
theY(59),” arXiv:hep-ex/0508047.

[69] J. Duboscq, Y & Xp analyses at CLEO,” parallel session talk.

[70] A. Gray, I. Allison, C. T. H. Davies, E. Gulez, G. P. Legag. Shigemitsu and M. Wingate, “The
spectrum andn, from full lattice QCD,” arXiv:hep-lat/0507013.

[71] S. K. Choiet al.[BELLE collaboration], Phys. Rev. Let89, 102001 (2002) [Erratum-ibid9,
129901 (2002)] [arXiv:hep-ex/0206002].

[72] J. L. Rosneet al.[CLEO Collaboration], Phys. Rev. Let#5, 102003 (2005)
[arXiv:hep-ex/0505073]; P. Rubiet al.[CLEO Collaboration], arXiv:hep-ex/0508037.

400/14



Hadronic Physics & Exotics Chris Quigg

[73] P. Pakhlov, “New particles at Belle,” parallel sesstalk.

[74] K. Abe, et al.“Observation of a new charmonium state in double charmomitmduction inete™
annihilation at,/s= 10.6 GeV,” arXiv:hep-ex/0507019.

[75] J. L. Rosner, “Hadron spectroscopy - a 2005 snapshiofjénep-ph/0508155.
[76] E. J. Eichten, K. Lane and C. Quigg, “New states aboverahthreshold,” arXiv:hep-ph/0511179.

[77] K. Abe, et al."Observation of &, candidate iryy — DD production in Belle,”
arXiv:hep-ex/0507033.

[78] B. Aubertet al.[BABAR Collaboration], “Observation of a broad structurethertt T J/{» mass
spectrum around.26 GeV/c?,” arXiv:hep-ex/0506081.

[79] B. Aubertet al.[BABAR Collaboration], “Study of)/prt" 1t states produced iB® — J/grt 1T K°
andB~ — J/prtt T K" arXiv:hep-ex/0507090.

[80] E. J. Eichten, K. Lane and C. Quigg, Phys. Rev63)094019 (2004) [arXiv:hep-ph/0401210].
[81] T.Barnes, S. Godfrey and E. S. Swanson, Phys. Ré2,[054026 (2005) [arXiv:hep-ph/0505002].

[82] K. J. Juge, J. Kuti and C. J. Morningstar, Phys. Rev..l98t161601 (2003) [arXiv:hep-lat/0207004].
X. Liao and T. Manke, “Excited charmonium spectrum from atrigpic lattices,”
arXiv:hep-lat/0210030.

[83] A. A. Petrov, J. Phys.: Conf. S&9, 83-86 (2005).

[84] S.L.Zhu, Phys. Lett. B25, 212 (2005) [arXiv:hep-ph/0507025]. F. E. Close and P. ReP&hys.
Lett. B 628, 215 (2005) [arXiv:hep-ph/0507199].

[85] T.S. Geisel (Dr. Seusspn Beyond Zebrg§Random House, New York, 1955). For images of the new
characters, consult http://www.evertype.com/standesds/seuss.html.

[86] D. V. Bugg, Phys. Lett. 5598, 8 (2004) [arXiv:hep-ph/0406293]; Phys. Rev/D, 016006 (2005)
[arXiv:hep-ph/0410168]. See also Phys. R&8, 257 (2004) [arXiv:hep-ex/0412045].

[87] N. A. Tarnqgvist Phys. LetBB590, 209 (2004) [arXiv:hep-ph/0402237].

[88] F. E. Close and P. R. Page, Phys. Lete, 119 (2004) [arXiv:hep-ph/0309253].

[89] E. S. Swanson, J. Phys.: Conf. S&r79-82 (2005).

[90] M. B. Voloshin, Phys. Lett. 5579, 316 (2004) [arXiv:hep-ph/0309307].

[91] F. Piccinini, “Diquark-antiquarks states with hiddenopen charm,” parallel session talk.

[92] L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer, Ph{gev. D71, 014028 (2005)
[arXiv:hep-ph/0412098].

[93] L. Maiani, V. Riquer, F. Piccinini and A. D. Polosa, Phigev. D72, 031502 (2005)
[arXiv:hep-ph/0507062].

[94] E. Braaten and M. Kusunoki, Phys. Rev6B, 074005 (2004) [arXiv:hep-ph/0311147].
[95] M. di Pierroet al, Nucl. Phys. Proc. Suppl29, 340 (2004) [arXiv:hep-lat/0310042].
[96] E. Swanson, “Review of Heavy Hadron Spectroscopy,ahep-ph/0509327.

[97] F. E. Close, “Hadron spectroscopy (theory): Diquatktaquarks, pentaquarks and no quarks,” in
ICHEP 2004 Proceedings of the 32nd International Conference on Higérdy Physics, edited by
Hesheng Chest al.(World Scientific, Singapore, 2005), vol. 1, pp. 100-10Xjarhep-ph/0411396].

400/15



