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o we seek to deepen our understanding of the
emergent phenomena associated with
nonperturbative field theory (confinement,
chiral symmetry breaking, topological

excitations, gluonic degrees of freedom)

can we repeat the successes in building
quantum mechanics via atomic spectroscopy
and QCD via hadronic spectroscopy in the
gluonic sector?




Theory Landscape
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Nomenclature

Tiny and Strong

The "strong force” holds together particles in the nuclei of atoms.
Without that binding force, there could be no atoms.

The nucleus of an atom,
left, is made up of
protons and neutrons.

‘ NEUTRONS

GLUONS

’ PROTONS QUARKS

SITE OF
\ COLLISION

Each proton and neutron
is made up of three
quarks linked by gluons.

A° the distance between
wo quarks increases, the
attrqctlve force between
them grows — the
opposite of gravity. This
makes it impossible to
pull out a single quark.

Three scientists won the
Nobel Prize for formulas
predicting how quarks
would behave in nuclei
that were smashed
together with tremendous
enerqy.

Later experiments
confirmed their theories.
The spray of particles
from colliding nuclei, left,
behaved as predicted.

r. Go C‘"" L. Kans,
"y\'n.v'a‘ Q-i’\ l—\ S
L’ Q"‘J '\'lqn arsihy '
A .‘9 /. and; The Nobel ch dation

The New York Times
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Nomenclature

Juge, Kuti, & Morningstar.
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Nomenclature

«—— glueball !

glueball

2 3
mA(r°n°) / GeV?

SU(8) Glueball Spectrum

C.Morningstar and M.Peardon
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J™ continuum limit extrapolations.

Exotic quantum numbers indicated by e
Hollow boxes indicate ambiguous spin
interpretation or continuum limit.

-
-
-
.
-
-
-
.
-
.
.
-
-
-
-
.
-
-
-
-
-
-
-
-
-
-
.
-
.
-
-
-
-
-
-
-
.
-
-
-
.
-
.
-
-
-
-
-
.
-
-
-
-
-
.
-
-
.
.
-
-
-
-
-
-
-
-
-
-
-
-
-
.
-
-
-
.
-
.
-
»
-
»
-
.
-
»
-
.
-
.
-
.
-
.
-
.
-
.
-
.
.-
.
.
.
.
.
.
-
.
-
-
.
-
-
.
-
-
-
-
-
-
-
-
-
.
-
-
-
-
-
-
-
-
-
-

PC




constituent quark model

ry [ V(r)_vz};(ro) ]

Eichten & Feinberg




‘constituent quark model

Radford, PRD33, 777 (86)




constituent quark model
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Charmonium Vectors --
Constituent Quark Model
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Charmonium Vectors --
Constituent Quark Model




JLab lattice results

Dudek, Roberts, Thomas, 0902.2241

level mass / MeV suggested state|model assignment

0  3106(2) J 138,
3746(18) V' (3686) 238,
3846(12) s lat. artifact
3864(19) " (3770) 13D,
4283(77) U(*4040°) 335;
4400(60) Y? hybrid




JLab lattice results

| i) S i
0 xeo — J/y | 0.127(2) ‘iofig)) 199(6)  131(14)
1 ¥ — xy 0.092(19) (1;[’;}((23; 26(11)  30(2)
3 W — xuy |0.265(33) 3.25‘;((752) 265(66) 199(26)
5 Yiyb. — Xcoy| 0.00(3) li’;‘“ < 20 -
i | ) Yo
0 J/t— ey | 1.89(3) iﬁ% 2.51(8) 1.85(29)
1 % — ey |0.062(64) 5322615)10) 0.4(8) ?2283;
3 " —ney | 0.27(15) _31(?;;?22)) 0(11) -
5 Yigb. — 17| 0.28(6) 205[‘;8;? 12(18) -

Dudek, Roberts, Thomas, 0902.2241
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JLab lattice results

Dudek & Edwards, hep-ph/0607140

one pole fit
o p,=(100)
o p,=(110)
* PDG




perturbative QCD

T. Pedlar [CLEO], Moriond, 2009

Bf(J/¢ —~n)  11.01 +0.29 +0.22

— — 0.21 £ 0.04
Bf(J/th —vn) = 524+12+1.1

Byl ZS o) < 0.02

— < 0.018
Bf(¥(2S) — vn')  1.19 £ 0.08 & 0.03

why the difference? Speculate that it is due
to interference with hybrids?




perturbative QCD

T. Pedlar [CLEO], Moriond, 2009
PRL101, 101801 (2008)

BF(J/¢Y — vyyy) = (1.17+£ 0.3+ 0.1) - 107°

agrees with LO pQCD, but NLO is negative




perturbative QCD

T. Pedlar [CLEO], Moriond, 2009

I'(h
B o999} B a,

Ratio (bb) [PRD74 012003 (2006)] | Ratio (c¢)
(2.72 £0.06 & 0.32 +0.37)% -
(3.18 - 0.04 +0.22 £ 0.41)% (6.5 £+ 2.5)% (PRELIMINARY)

(2.70 £ 0.01 £ 0.13 +0.24)% (13.7 +1.7)% [PRD78 032012 (2008)]




perturbative QCD

Table 1: Cross Sections (fb) for eTe™ — J/YH at /s = 10.6 GeV.
Is e X0 e

Babars e el o6 2.8 2.1 - 10.3 L 2.5 10180 - 164 S35l
Belle 2ot 2583 A o A S| e 100 e ] 605 Sl =

BL 2.31 £1.09 2228 = 1203 0.96 £ 0.45
LHC B 6.9 ST
Bondar ~ 33

BLL 26.7 26.6




perturbative QCD

Fxe 4
: R = (X DR ’yfy) — —(1 2 1,76@8) —0.12 (Oés — (),32) W. Bardeen et al. PRD18, 3998 (78)
: Bl 7)) 1o

~0.66 + 0.07 4 0.04 + 0.05 keV

=y =B R + 0.018 + 0.031 CLEO, PRD78, 091501 (2008
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note; 4/15 = 0.27!




perturbative QCD

T'(x. 4
e
F(XCO Ty 7’7)

W. Bardeen et al. PRD18, 3998 (78)

B

Bodwin, Braaten, Lepage, PRDS51, 1125 (95)

N. Brambilla et al., hep-ph/0604190

Ackleh, Barnes, & Close, PRD46, 2257 (92) 3—<£ANA£

Lakhina & Swanson, PRD74, 014012 (06)




perturbative QCD

_I__

e €& widths

van Royen and Weisskopf
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perturbative QCD

the pi-rho puzzle

Q) = Bf(wl =358 h) £ Bf(wl s €+6_) = o Appelquist and Politzer,
S BIGM ) | BIU S ere) PRI, 45 (75)

Mo et al., hep-ph/0611214
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a word on the nNo

BaBar, PRD78, 091501 (2008)
L85 e
M =9388.9+3+3

S
S

Entries/ (0.02(

S
S

now confirmed

arXiv:0903.1124
T(25) — yme
M =9392.9+ 5+ 2
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our formerly comfortable
wor ]-d (cf. 1932 e,p,n)
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v . 7(4430) 1 (4051) X (3872)

hep-ex/0610057 . arXiv:0708.1790 = pRos, 072004 (08) | DeP-€x/0309032

e
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Q :
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Q :
-
6
QHE

arXiv:O707.2541§ PRL101, 172001 (08) hep-ex/0507033 hep-ex /0312058
[22] [19] [128]
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(expt) ( reft ) @arams) (modes) [su;nal) @omment@
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Y (4350) Z1(4051) X (3872)
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[expt) [ reft ) @arams) (modes) @1gnal) @omment%
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D*D1 molecule : tetraquark

threshold effect : hadrocharmonium :

artefact . artefact

DD* molecule
threshold effect
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radial hybrid (ch)
. 58S vector -
- fo @’ molecule

hybrid (ccg)
threshold effect

tetraquark tests long range
artefact ~ spin dynamics

F
AN
L)
—
Q :
e
C
.H:

*
3
B
*
*
*
-
*

tests O(1/m2)
dynamics

threshold effect S

states (inverted?)

S . s alta

robustness

\=)



X (3872)

DD* molecule
threshold effect
tetraquark

 radial hybrid (ccg)
. 5S vector
- fo y’ molecule

hybrid (ccg)
threshold effect
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The X(3872) in 1992

Entries/20 MeV

Tom LeCompte,
Northwestern thesis
E705 at FNAL
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. . . Gev/c? ¢
Yn'n” Mass — Negative Beam

Figure 6.12 yrr mass spectrum, standard cuts, negative beam.
A single peak above background does not fit the observed signal well. A sec-
ond peak above the y' was added to the fit to improve this. The fit parameters are

" shown on the following page:

E-des
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Tornqvist, 0308277
Close & Page, PLB578, 119 (04)
ESS, PLB588, 189 (2004)

Molecular State (fast version)

» Model X as a DD* state with admixture of
WY and o Y

» microscopic model = one + quark dynamics;
project onto continuum channels.

++

» find only one bound state with JPC: I

o X decaysvia 0 Y to T T ¥ and w P to
T T T Y with comparable strength (isospin

violation is natural in this model)




Xcl decay widths

weak binding — use free space decay widths to
estimate dissociation decay modes

e s D : D D p.  pla G

. Bg (MeV) DRl DD D D’ (DD o) V2 DDy e e D e R

‘ 0.7 67 38 5.1 ez 0.2 Qg’g) 12.9 %8) 70
1.0 66 36 6.4 5.8 0.3 1l 80
2.0 57 32 9.5 8.6 0.4 975 9.8 1040 100
3.8 52 28 12.5 11.4 0.6 690 6.9 1190 115
6.1 46 26 15.0 13.6 0.7 450 4.5 1270 120

9.0 43 24 16.9 15.3 0.8 285 289 1280 125
38 22 18.5 16.7 0.9 180 1.8 1240 120
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dipion spectrum

1

CDF Il Preliminary, 360 pb

250~ X(3872) — J/yr'm
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Abe et al [Belle], hep-ex/0505037




Aubert et al., 0809.0042
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new from BaBar...




0 =370 / Bk (k) A(—k)

state Ep (MeV) a (fm) Zypo a, (MeV) prob

Xot 0.1 144 93% 04 5%
0.5 6.4  83% 120 10%

Xt 0.1 144 937 60 100%
0.5 6.4  83% 30 > 100%




ESS, probably will

Other Molecules never complete....

I=o D*D* states no MM mixtures

channels mass (MeV) FEp

S 4019 1.0

B 10543 61
ST 2y 10561 43
1S, ° Dy 10579 71

° Py 10588 62
351, °Dy 10606 44
es, oD, 2@ 10600 50
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Z+ (443 O) s S.-K Choi et al. [Belle] 0708.1790

B - Knli

e not seen in B — KntJ/y

o D*D.(2420) threshold effect

o D*D,(2420) molecule (JF = (2,1,0))

o {culcd} tetraquark radial excitation (JP=1)

~ SeaI‘Ch f()r the Z ln D= wlﬂ'+n Liu, Zhao, Close, arXiv:0802.2648

o NO'T seen by BaBar Mokhtar, 0810.1073




| ;B w(zs) X

* -
A UYL
"

lllllll

w'e
R . -

| = 1(2S) Kx Ang.dist.

Ll Ll

= = J/psi Kx' Ang. dist.

300 ; 0.795<m,_<0.995 GeVic”
i
2003
3' ikl QL X0y
3“”'“"": B¢
0.995<m,_<I. 332 GeVie®

oL

ad . .'."u-jv.. .’.‘.‘!

1332<m, <1532 GeVic”

x>1.3 ““ GLV

WS (GeV/c )

Mokhtar, 0810.1073

()




Events / 50MeV/c?
=

e

Entries/25 MeV/c?

)
p)
Q
—
Q

)

1n

Events/40 MeV
n
o

o =
T

3880 4080 4280 2580 4080 4280 E 0 e VA,
M(wJAp) (MeV) M(wJAp) (MeV) : 2

.................................................. o
Y(4008) Z(3940) h

@
o
T

D
o
T

Entries/20 MeV/c®

N
o
T

N
o
Events/10 MeV/c?

o

: : oL My Pl JUET T ) : Ok .
4 45 BB : M(OD) (Gevie? : 350 352 354
Mt A (Ge\/cs) . H

e - k| tttt@

robustness




N
o

o
-

Q]
2
>
Q
=
S 30
2
=
)
>
i

II4.6III.III5
m(wlAp) (GeV/c?)




Interpretations

Llanes-Estrada, hep-ph/0507035

» no available vector (4S=4415, 2D=4159)

o vector hybrid {at 4200-4400F S
Close & Page, hep-ph/0507199
o the first vector S-wave open charm channel is

at 4285 (DD?) or 4309 (DDy: a cusp? a
molecule?
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o too light for a ccg hybrid (@ 4200-4400)

o D*D* molecule? (o++ at 4020, but pulled down
by coupling to DD and coupling to cc)




Interpretations

o possible 2P cc states

n2StDL; mass width v
23 P, 3079 80 - DD DI
2P, 3953 165 =1 0
23 P, 3916 30 — DD
21 P, 2056 87 oD

T. Barnes, S. Godfrey, ESS, hep-ph/0505002

but Y coupling to @ ¢ ?
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? / /
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Bt e — VX1 1S not seen.

Possibly the 72 ?  But Mcom = 4064....
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Diquarks and the New Charmonia

Maiani, Piccinini,Polosa, Riquer; PRD71, 014028 (2005)
Bigi, Maiani, Piccinini,Polosa, Riquer; PRD72, 114016 (2005)
Maiani, Riquer, Piccinini, Polosa; PRD72, 031502 (2005

M (Jeqls) = 1933 : )

M ([cqly) = 1933 Maiani, Polosa, Riquer; PRL99, 182003 (2007)
Maiani, Polosa, Riquer; arXiv:0708.3997

Assume a spin-spin interaction

lcqls|cqls; J = 0)

lealv[caly; J = 0)
 ledlslegle J = 1) 4 lledlylcglss d = 1)

Isleglv; J = 1) = |leqlviegls; J = 1))
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beyond the SM

d
i —Z'ECE’)/{)O'MVG’W/C

CP violation in J/ 9 decays

Bf(J/y — ur) < 2.0-107°
lepton flavour violation in J/ ¥ decays Bf(J/¢ — er) < 83-107°
Bf(J/1 — ep) < 1.1 S8

effects of a light pseudoscalar Higgs in T decays

nonstandard Higgs-mediated leptonic decays of T




Future Opportunities

SuperB at KEK (has received some funding, not approved yet,
Japanese govt is seeking outside funding for detectors)

PANDA at FAIR at GSI (multibillion dollar upgrade to GSI)
LHCDb: B physics at the LHC

ATLAS and CMS: have hadronic research programmes
JLAB 12 GeV upgrade (next month!, cost=$300M)

BESIII upgrade

Belle (ongoing)




Conclusions

o [the D, spectrum and} the X’s (Y’s, Z’s,...)
“challenge our understanding of QCD”

o new states are charmonia, artefacts, threshold
enhancements, hybrids, multiquarks,?...

o the constituent quark model must fail somewhere.
Are we seeing it?

o Can an effective EFT approach be constructed?
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seen in Yy — DD

M=3931(4) I' = 20(8)

compare to M= 395273979 3031
' =386~ 47
Bf(DD) =50% 70%
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T. Barnes, S. Godfrey, ESS, hep-ph/0505002 @
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This tests the Dirac structure of the confining
potential
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Belle Discovers Three New Mesons

) ) ) Q) StumbleUpon
An international team of researchers at the High
Energy Accelerator Research organization (KEK) in [ Y! MyWeb
Tsukuba, Japan, the "Belle collaboration"*1, has
announced the discovery of three new exotic sub-atomic particles, labeled
asZ_1,Z 2andY_b. The Z_1 and Z_2 states have unit electric charge,
by which these particles are clearly distinguished from normal quark-
antiguark mesons, and thus can be identified as particles consisting of four
quarks. The Y_b structure may be the first clear example of an exotic
hybrid particle, which contains the bottom quark and its anti-particle (an
anti-bottom quark) as in a conventional meson but with an excited gluon
as well.
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