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< 2. Experimental situation on multiquarks

X - t*
Outline

Experimental . .. 2.1.1. Deuteron

Multiquarks in.. ..

Outlook First seen by Urey. Firmly established. More oftgnn) than (qqqqqq).
— |Other nuclei reportec.

Mz.l.z. Dibaryons

44 44
e — N N peaks in the continuum. Often reported. Never firmly confirmed.
] ] “Supported” by early bag-models with artificial confinement,

Sage o || .€., no realistic estimate of the ‘fall-apart” width.

e 2.1.3. Hypernuclei

Full Screen
= Several states seen. Recent progredgybhhypernuclejibut noB = 2 bounc

[ e |state.
S |S = —2 states identified, such asHe.

2.1. Dibaryons, multibaryons
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xxx  2.2. Charmed mesons
X

"fk ECT? D, ; states seen at 2317 and 2463 MeV by Babar, Cleo, etc.
*x X" Too low for ordinary orbital excitations.
Outiine Interpreted ashiral partnerd 0™, 1*} of the ground-state multipldt)—, 1~ }.
Experimental... - Or asmultiquarks(cgsq).
Zi:;q;‘karks'””' The higher state),(2.632) seen by Selex is not confirmed in other exy
ments.
| temerie | This state was considered by Maiani et al. and Nicolescu et al. as remil

o |of the late baryonium:
B, 3 x(3.872)

4 >
Seen by Babar, Belld)0, CDF, etc. , with a width™ < 2.3 MeV

Not seen inyy at CLEO, Babar, this restricting the possible quantum nurr
Go Back |Production patternsuggest just another charmonium level.
Spectroscopynore in line with a molecular interpretation
(ceqq) ~ DD* + c.c.,
sese ] as predicted by drnqgvist, Ericson and Karl, Braaten, Manohar and Wise
_ Warning: an earlier molecular assignment (Voloshin et al., DaiRRugt al.
S failed for what was later identified as the mere3s).

Page 4 of 25
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X ECT" %
LI
Outine 2.4. Hybrids of heavy quarkonia

Experimental . ..

wutiquarksin... EArly speculations by Giles and Tye (1977), Mandula and Horn (1978
Outlook Hasenfratz, Horgan, Kuti and R. (1980).

Home Page |

e |The gluon, peing:oloured IS not only the vector of the interaction, it can
play aconstituenrole.

L » ]|

L« Jordinary quarkonium : governed byV,g, a kind of Born—Oppenheim
Baseta |potential with the gluon field in its gournd-state.

e Hybrid quarkonium : Next Born—Opppenheimer potential, with gluon f
[ miseen | excited.

Close |
Quit |
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1980 predictions
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Further predictions
Flux-tube models, lattice QCD Usually masses a little higher.

Recently discovered state
DISCUSSION

We have observed a strong near-threshold enhancement in the w.J/¢¥ mass spectrum
in exclusive B — KwJ/¢ decays. The enhancement peaks well above threshold and is
broad [9]: if treated as a single resonance, we find a mass of 3941 + 11 MeV and a total
width I' = 92 4+ 24 MeV. It is expected that any “normal” c¢ charmonium meson with
this mass would dominantly decay to DD and/or DD*; hadronic charmonium transitions
should have minuscule branching fractions. The properties of the observed enhancement
are similar to those of cc-gluon charmonium hybrid states that occur in Lattice QCD [10]
and are expected to be produced in B-meson decays [11]. However, the Lattice calculations
indicate that the lightest hybrid states have masses around 4400 MeV, well above the mass
of the enhancement reported here.
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Belle, hep-ex/0408126
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FIG. 6: B — KwdJ /vy signal vields vs M (wJ /). The curve in (a) indicates the result of a fit that
includes only a phase-space-like threshold function. The curve in (b) shows the result of a fit that
includes an S-wave Breit-Wigner resonance term.
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XX %
x g % 2.5, Missing charmonium states

X L§
X x X Singlet states of charmoniuanticipated to be elusive, but not at that leve

— 1. A wrong,.(15) was announced 300 MeV below/W. Then the true;,

Experimental . ..

Multiquarks n ... was seen in several experiments, abidlitMeV below .J /.
Outlook
2. 1.(25) was announced about 90 MeV beld¥; but resisted confirmatic
_ tomerae | or better determination at Fermilatp, LEP ~~, etc. The solution w:
e page | found by Belle, with twanewproduction schemes, and/a— 7/, splitting
much smaller 4 40).
4« 44 ’(J )
_|_ — —_ .
e e ¢"e~ — cccc and trigger on/ /',

e B decay.

Page 10 of 25

Go Back

3. h. (' P,) tentatively seen in R704 at CERN ISR, seen in E760 (Feri
Full Screen pb), not seen in its continuation E835, eventually seen by E835 in al
channel, and at CLEO.

This means thal0 years of efforthave been necessary!

Close

Quit
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X ECT* %
*txt*

Outline

Experimentali. 2.6,  Pentaquarks

Multiquarks in. ..

Outlook Recent surveys by Dzierba et al. (hep-ex/0412077), Belle (hep-ex/04:
onerae |and Babar (private communication).

e rege | 1. Early indicationgn the 60’s forZ resonances with = +1, B = +1

Wil 2.07(1540) seen in a couple of experiments but not seen in severs
ers, including expensive experiments with very good particle iden:
R tion and cross-checks on many channels (Babar, Belle, HyperCF, €

N f. seen inl experiment at HERA, not seen by othe’s.
e = (1860) seen inl/2 experiment, and not seen in severall /2 others

Full Screen
Close

Quit

1]
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t* X *t
X ECT* %

Positive results on pentaquarks

LEFS 1]
LEFS 421 e
LARHIE —
Table 1. Positive signals for pentaquark states. Flense see the text regarding the final stobe -
neutron in the LEP3, CLAS and SAPHIR experiments, ouAsid)
ouaspl
Experiment Reaction State Mode Referenss fp— —
LEPS(1)  4Clo— KHE-X gt Ktn 4] .
LEPS(Z)  nd— KTEK-X gt Ktn 5] HERMIES
CLAS(d)  od — KHK~jn)p gt Ktn [ —_— .
CLASI ) Ap— KtE-xt{n) gt Ktn 71
SAPHIR  op— K3KHn) gt Ktn |# - vac
DOSY pp— Ttiln gt Klp 1] —_ NOMAD
JINR PplaHg) — KX g+ P |1o)
VD pA— KSpX gt o 1] - v
DIANA E+Xe— KlpiXel at P 2] —_— E
vBC A= KD g+ o 3] ZEUS
NOMAD  wd— KlpX o+ ffﬁp 4] RPN BN I M I |
quusi-real photoproduction 8+ P [15] 1522 1530 1541 1550 1500
ZEUS ep— KlpX g+ o 18] ree
HA4D PP— ExX = Er I17]
H1 ep— (D'p)X 8. Dp 12] Figure 6. Reported masses, with error bars, of the @+,
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Positive results on pentaquarks
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X
K Xy
X ECT™ X
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Experimental . ..
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Table 2. Recent negntive searches for pentaquark states. For each pentaquark state (P we
indiented with & — that the state wos not incloded in the search while J indicates that the stobe
wns searched for and not cheerved and § indicates that the state was searched for and observed.

Negative results on pentaquarks

Experiment  Search Renction gt Fp #. Reference
ALEFH Hadronic Z decays } } [} 19]
EuBuar ete— — T(d5) I 20]
BELLE KN — PX i - ] 21]
BES ctem — THWES) =88 L — |} 1)
fadu) ol m— PX oLl 23]
COMPASS  uH(PLiD) — PX A R 24]
DELFHI Hadronic & desnys P - - 25]
ERO0 s PX I - 28]
FOCUS  qp— PX b od 7]
HERA-B  pd— PX . 28]
HyperTP (at Kt piCu— PX I - - 2a]
LAS3 Ktp— Ktnst } - - K}
L3 vy — 08 bo—- - 25,81
PHENIX ~ Awdn— PX [ 132)
SELEX (mp.Eip— PX - - |33]
SPHINE  pl(N)— #FCIN) - - |3d]
WA E-N— PX -} - |ae]
ZEUS ep— PX t 1 1 s 37,36

T
= 8000

z‘“ = L)

i

by

4 f485 15 1585 185 165 1.7

MipK-.pk g), GeV fc?
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X
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Negative results on pentaquarks

15 2 25 3 15 4 45 5
(pKs) Mass [GeVic']

145 I 15 I 155 I 1.4
(pKs) Mass [GeVic']

Events /2 Meve?

15 2 212 14 214 13 3
(pKg) Mass [GeVic' ]

L | L 1 L 1 L
5 155 1.2 175 LE

(pKg) Mass [GeVic' ]
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<% 3. Multiquarks in constituent models
X ECT" %

*n x* Warning: Often misleading statements, even in otherwise excellent papt
outline constituent models bind everything, or constituent models never bind.
experimental... [N fact, sometimes confusion between constituent models, unjustified a
Mdiquarksin.-“imation to them, early bag models, mass formulas, etc.

QOutlook

R 3 1. Ccentral confining forces
I i Hamiltonian,

44 44 ~ .
IR i i<j

Page 16 of 25 |
with e.g.,t; = p?/(2m;) or relativistic,v;; o r;;, with a colour-dependen
_ cosak | corresponding to pair-wise forces and colour-octet exchange,
e |usually do not bind multiquark$or instance, with equal masses,

oo | min [H(¢qqq)] = (¢q) + (qq) ,

@t e, nonormalisable state satisfying Hunziker—van Winter—Zhislin’s thec
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X ECT* %

X L§
Xy X o )
Binding multiquarks?

Hencebindingshould be sought in

Outline

Experimental . ..

Muliquarksin..~ o gdditional terms

QOutlook

P | — chromomagnetism,
_ — spin-flavour terms,
L — nuclear-type interaction of light garks,
e Y

Go Back

IR
_Page17of2s | e well-chosen mass asymmetty,
_ comack |

Full Screen T
L We shall now survey some of these possibilities.

Close |
Quit |

e improved model of confinement (3-body, 4-body forces, ..

)
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X ECT*: 3.2. Colour chemistry

Xy X

Outline
Experimental . ..
Multiquarks in. ..

QOutlook

Home Page
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e Nice idea of exhibitingnternal colour degrees of freedom

e Assume, e.g.{(qq) — —(Gq)] with orbital barrier (baryonium) and pos
bly colour sextetqq)
e Also [(qqq) — —(qq)], or[(¢q) — —(qq)] with ; etc.

e Baryonium hardly decays into mesons, and not easily into ba
antibaryon,

e Does not work unfortunately. This assumetusteringwas never just
fied.

e Unlike [(qq) — —¢| clustering of orbitally-excited ordinary baryons,
plaiNiNg a,vons = Qrnesons Of R€QQE slopes, and proved in a large
of models.

e Pandora box™, e.g.,(uds) low in mass, is stable, i.e.(§+pn> =
(u’d’5?)bound?
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x***t .
X ECT % 3.3. Chromomagnetism, the H

X x i ) ) )
*x X" The simple chromomagnetic Hamiltonian (DGG, etc.)
Outline
Experimental. . . HSS = Z 0.0 )\EC))\EC) 6(3) (rw)
Multiquarks in. .. i<j
Outlook

|or its bag model analog, explains the pattern of hyperfine splittings of or
Home Page

hadrons.

_ tkrse | |n 1977, Jaffe noticed it giveshore coherent attraction in some multiquz

o than in the sum of the hadrons constituting the threshold.
Estimated
]
e | H(uuddss) — Ausd) — A(usd) = —150 MeV.
Go Back |

But all corrections weaken the effect:
e SU(3)r breaking

e (6®) computednstead oborrowedfrom ordinary hadrons.

Full Screen

Close

Quit |
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X ECT” %
*‘lxt*
:U‘""_e | 3.4. Chromomagnetism, theP
xperimental . ..

Muiquarisin--~ Gjgnoux et al. —see also Lipkin —, in 1987, have shown that the same r
Outlook - c
nism gives thesame—150 MeV energy for

P(Qqqqq) — (Qq) — (qqq)

and used the namgntaquark
I Again, 150 MeV corresponds to SU¢3In the ggqq sector,n(Q)) — oo anc

L% (5®) borrowed from light baryons.

Page 20 of 25 |
All corrections make this pentaquark less stable.
[ sose | This pentaquark was searched for at Fermilab (Ashery et al.). Results

e |conclusive.
Close |
Quit |

Title Page

Home Page |
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X : :
Xy 35, Flavour—spin alternative

X ECT" %
*”t* Glozmann, Riska, and many others proposed an hyperfine interaction
Outline ~ =
Experimental ... Hgg g ;0,7 T;, Of g 0;.0; N\ .
Multiquarks in. .. i<j ’L'<j

Outlook
See Stancu later this weex.

Home Page |
MS.G. Nuclear forces

IS It is regularly pointed out that thEukawa mechanisithat is successful f
[T« the L.R. part of nuclear forces, also act between other hadrons.

— VoI_oshin et al., Drnqvist, Ericson & Karl, Manohar & Wise, Braaten, etc.
gJ—IDD* + c.c. potential weaker than théV N one (which barely binds tl
cossk | deuteron), but experienced bgavierparticles. What matters ig x 1m,..

- Perhaps an explanation of the(3872).
s Several other configurations are favourable
o oese | e.g.,D D" on which more shortly,

s Or (ccq) + (ceq) of Julia-Diaz & Riska: multicharmed multibaryons.
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X ECT* %
*txt*

Outline

Experimental... =3 7/ Borromean blndlng

Multiquarks in. ..

(eitook This Yukawa mechanism, and other mechanisms, often fail by a small r
to bind two hadrons
Hence, we are in an ideal situation féorromean binding 3-body bindin
_mesee | \vith unbound 2-body subsystems, except if inhibited by the Pauli princi
[« a requirement of conflicting spin alignments.
Borromean binding explains whyvnn) = °He is stable,

I hile neither(an) = He nor (n, n) are bound.

pagessoiss || Examples also in molecular physics.

— Already K’ N7 proposed as a Borromean system to describgdmaquarl
BESE  ,lo and others.

Full Screen

Home Page

Close

Quit
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*xxx¥ 3.8, Heavy—heavy effect

Outline

T In a given potential, twieavyparticles takéetter benefiof the attraction.
Multiquarks in. .. For InStan ce

Outlook E _ _@a2 , E - E |
2 V m

| for Coulomb and H.O.
R quark models{QQGq) experiences &)() attractionthat isabsentin the

«[m» threshold Q) + (Qq). See Ader et al., Heller et al., Brink et al., Lipkin, ¢
S Latest calculation by Rosina et al. in FE'S.

B8 3 9 Double charm exotics?

I (QQqq) is one of the most promising configuration, as it benefits
| ruseeen | both the heavy—heavy effect and the nuclear forces.
_— |The double-charm production in B-factories is perhaps a production toc

Quit |
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1T 4. Outlook

X ECT" % _
Xy e x¥ 4.1 Experiments

Outline e Be patient it took 30 years foh,.
e 1).(2S5) was discovered byew modesnot by higher statistics.
Outlook e Some sectors not yet explored,

e e.g., double-charm mesons, clusters of heavy baryons.
ot | Surprisesare still possible.

Title Page |

44 44

@ 4.2. Constituent models

[ reioiss | o Usuallyno stablebound states.
cosac | ® Models based on short-range correlationsfexgile.
e Heavy—heavyand light—light effects favourable if present in the mt

s quark and absent in the threshold.
e | o Multiquark calculations areery delicate
wi | the wave function “hesitates” between single vs. multiple clusters.

RemembePs;!
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