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QCD Dynamics Near Threshold

® QCD dynamics is much richer than

present phenomenological models -
Lattice QCD

® Gluon/String dynamics

® Light quark loops and strong decays

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



Below Threshold

Narrow states allow precise experimental
probes of the subtle nature of QCD

NRQCD: < UQ/CQ >% 0.3 0140406-002

Potential models:

masses

spin splittings

EM transitions
hadronic transitions
direct decays

Lattice QCD:

: Jp(18)
masses variety of
spin splittings ~ approaches 01 m,(18)
EM transitions JPC_ g+ 1--
L=0 O

Supports and will supplant 28
P ote nti al mo d e I S FIGURE 8. Transitions among low-lying charmonium states. From Ref. [65].
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Multi-level algorithm allows lattice determination of potentials with unprecedented
precision

Y. Koma, M. Koma and H. Wittig
[PRL 97 (2006) 122003]
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Recent LQCD results

Dudek, Edwards, Richards
[PR D73:07450 (2006)]

E1l xco — J/y Xer = J/Yy he — ey
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Promising but still work to do:
quenched
ground states
extrapolations
Q% ->0
a->0
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Above Threshold

Y(4S) or hybrid
¥(2D)

Xo1(RP)

Xc2(RP)

X(3872) =47 /% DD,y

1++

1

T™(p,0,7)1/Y
DYDO70

Xe2(1P)

ot+
1
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ard to extract states in the threshold region in LQCD

Excited charmonium states

Strong decay channels -- resonances:

TABLE I: Thresholds for decay into open charm and nearby
hidden-charm thresholds.

Channel Threshold Energy (MeV)

D°D° 3729.4
DTD~ 3738.8
0 *0 *0 M0

Nearby Thresholds R 8727
DETD*F 3879.5
WO I 3879.6
DID; 3936.2
D*0D*0 4013.6
D*t D= 4020.2
n' Jhp 4054.7

fOIR 4077
DI DI~ or Dt Dy 4080.0
a® Jhy 4081.6
O Jhp 4116.4
D>t D*- 4223.8
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Gluon/String Dynamics

Heavy Quark Limit - Static Energy

Short distance: Perturbative QCD i k
singlet: -4/3 O /r s o me® ©0F v
octet :2/3 &Xs /r  gluelumps

quenched +—=—
K =0.1575 —e—

Large distance: String
Or NG string behavour
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Operators for excited
gluon states

TABLE I: Operators to create excited gluon states for small
qq separation R are listed. E and B denote the electric and
magnetic operators, respectively. The covariant derivative D
is defined in the adjoint representation [10].

gluon state J  operator

A R-E, R:(DxB)
R xE, Rx(DxB)

R B, R-(DxBE)
RxB, Rx(DxE)

(R-D)(R-B)

R x (R-D)B + D(R-B))

(R x D) (R x B) + (R x D)/(R x B)*
R D)(R E)

R x (R-D)E +D(R-E))

(Rx D) (R x E) + (R xD)/(R x E)’

NN DN N ===

aEr B=2.5
ags~0.2 fm

' Gluon excitations

string ord/e/ring

aglay=2z*5 |
z=0.976(21)

u .
short distance
degeneracies

0.3

10 12 14

FIG. 2: Short-distance degeneracies and crossover in the
spectrum. The solid curves are only shown for visualization.
The dashed line marks a lower bound for the onset of mixing
effects with glueball states which requires careful interpreta-
tion.
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Juge, Kuti, Morningstar

H)’bl’id Potentials PRL 82:4400 (1999); 90:161601 (2003)

Solve the Schoedinger
Equation for each potential

1 dhu(r) | (L)
2u dr? 2ur?

+Voo(r) } u(r) =FE u(r).

where
J=L+S, S=SQ+SQ, L:LQQ‘—i—J(g

(Lyg) = L(L+1) —2A% +(J3)

eigenstates

|LSIM;An) + €|LSIM; —An)

where €=%1, A = |\
Figure 2. Wavefunctions and potentials for the

P=¢(—DIAM c=ne(—1)FSA  various hybrid/meson states.
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Light quark loops

Effects on spectrum clearly seen in LQCD
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C.T. H. Davies et al. [HPQCD, Fermilab Lattice, MILC,
and UKQCD Collaborations], PRL 92,022001 (2004)
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Including Light Quark Effects

[7‘[0 + Ho + %[]@b = w1

/)L[O' X2 NRQCD (without couplings light quarks)

7‘[[ QQ — ch—l—qQ light quark pair creation

Cornell model (CCCM) Hr =323, [ pa(r)V(r —1")pa(r') : dr >’

Vacuum Pair Creation model Hy =7 / fghﬁ(r)d?’?“
(QPC)

Ho Qq+ q@ meson pair interactions
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Lattice effort to extract couplings

\W_f

transition amplitude

_ dCQB(t)
dt |, v/CB(0)Coq(0)

)

difficult to extract accurately

G.S. Bali, H. Neff, T. Diissel, T. Lippert and K. Schilling [SESAM Collaboration|, 0

Phys. Rev. D 71, 114513 (2005) [arXiv:hep-lat/0505012].

state 11>
state 2> ———

10 12 14 16 18
T/a

FIG. 13: The two energy levels, as a function of 7, normal-
ized with respect to 2mp (horizontal line). The curve cor-
responds to the three parameter fit to E1(F), Egs. (80)—(82),
for 0.2fm <7 <0.9fm < re.

0.14

10 12 14 16 18
T/a

FIG. 18: The transition rate g between |B) and |Q) states, as
a function of 7.
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Coupling to open-charm channels

Phenomenological approach:

Hi =330 [ pa(t)V (r = 1)pa(t’) : dr dPr’

pa, — E”YOtaC i Cj’}/otaq

Calculate pair-creation amplitudes,

Evaluate |<® Ds|H;|DD* > , etc. ELQ 2004

Solve coupled-state system

— 1
Y =t0+ ¢ solve Ho + H] Hr | 4o = wipy

/ I w — Ho + 1€

CC DD for w and
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Statistical Factors in Strong Decays

TABLE II: Statistical recoupling coefficients C, defined by
Eq. D19 of Ref. [10], that enter the calculation of charmonium

decays to pairs of charmed mesons. Paired entries correspond
tolf=L—1and ¢ =L+ 1.
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Effects on the spectrum

Coupling to virtual channels induces spin-dependent forces in
charmonium near threshold, because M(D*) > M(D)

Splitting
(Induced)

Splitting

Centroid (Potential)

State Mass

1S,
138,
13P,
3

1°P,
1'Py
13P5
213,
233,
13Dy
13D5
1'Dy
13D5
23Pg
23P,
21 P,
2P,
318,
335,

2979.9¢
3096.9¢

3415.3°
3510.5¢
3524.47
3556.2°

3638
3686.0°

3769.9¢
3830.6
3 838.0
3 868.3

3881.4
3920.5
3919.0
39317

3943"
4040

3067.6°

3525.3°

36740

(3815)°

(3922)°

(4015)"

—90.5°
+30.2°¢

—114.9°
—11.6°
+0.6°
+31.9¢

—50.1°
+16.7°¢

—40
0
0

+20

—90
—8
0
+25

—66°
+22°¢

+2.8
—0.9

+5.9
—2.0
+0.5
—0.3

+15.7
—5.2

—39.9
—2.7
+4.2

+19.0

+27.9
+6.7

—5.4

—9.6

—3.1
+1.0
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The ¥ (3770)

pdg 2007

Mass m =37724+1.1 MeV, (S=1.8)
Full widthI' =252+ 1.8 MeV

E. Eichten - Fermilab BaBar Workshop - SLAC - Sept 16, 2006



Decay width in good agreement
with theory

Decay Width [MeV]

Parameterizing the Y(3770) as a simple

mixture of |1D> and |2S> state is inadequate | " Mass [GoV]
CCC Model
Production in e*e due to relativistic terms:

(a) Expansion of EM current
5 i ) i _
= 510"y + m—ézﬂa D%y S-wave

C

+WW"J[§(D D'+ D'D') = 289D’ x + .. D-wave

(b) S-D mixing terms - short range
(c) Induced mixing from D*-D mass difference - long range
W(3772) = 0.10 |2S) + 0.01e*%**7 |3S) + ...
+ 0.69¢777" [1D) + 0.10e™*™" |2D) + ...
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Decays into open charm

The ratio, R+, of D°D° to D*D-
production deviates from one due to
isospin violating terms:

(a) up-down mass difference

(b) EM interactions

-> m(D*)-m(D°) = 4.78 + 0.10 MeV

_> different final state interactions  ool—
RO/—i—

PDGO7 p> CCCM
1.284+0.14 1.47 1.36

The shape of the resonance differs from . ) 3 P2
the usual Breit-Wigner: (p) ~ A P (=75)
(1) width T(p) not pure p wave A=.18 A=.57GeV

(2) interference with 2S state. po = 283 MeV p, = 250 MeV

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



B
o

=N

Two very important measurement:

(1) Resonance shape

(2) Ratio of charge to neutral DD final states
olete” — PtP™)

o(ete — POPO)

over the whole resonance region

w
o

N
o

Ryds(e)+w(3770) ()
w

Rc/n _

Ecm [GeV]
FIG. 1: The Ryas(c)+w(3770)(s) versus the c.m. energ
QED text).
quark mass
differences.

R. Kaiser, A.V. Manohar, and T. Mehen, Report hep-ph/0208194, Aug. 2002 (unpub-
lished)

G.P. Lepage, Phys.Rev. D 42, 3251 (1990).

N. Byers and E. Eichten, Phys.Rev. D 42, 3885 (1990).

M.B. Voloshin, Mod.Phys.Lett. A 18, 1783 (2003). phase shifts

M.B. Voloshin, Phys.Atom.Nucl. 68, 771 (2005) [Yad.Fiz. 68, 804 (2005)].

3850
3825 3875
[

3800

S. Dubynskiy, A. Le Yaouanc, L. Oliver, J.-C. Raynal, and M. B. Voloshin FIG. 9. Argand plot of the DD S matrix in the 1°-
[arXiv:0704.0293] state, The rather narrow elastic 3D1 resonance P (3772)
is clearly in evidence, as is an inelastic resonance at
~4.15 GeV due to the 3% ¢ state. The parameters are
the same as in Figs. 7 and 8. : )
E. Eichten, K. Gottfried, T. Kinoshita, K. Lane and T.M. Yan
PR D17, 3090 (1978)
E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007 -20-




Non DD decays of the ¥ (3770)

X J/P V" — wtr= g/ [ 0.34£0.14 £0.09 BES

0.189 + 0.020 + 0.020 CLEO
" — 7% J /¢ ] 0.080 £0.025 +0.016 CLEO
" —n°J/¢  [0.087£0.033 +£0.022 CLEO

Theory expectation for m*n-J/P: 0.1-0.7%

*YXc .
E., (MeV) Predicted (keV) CLEO (keV)
Good agreement with theory expectations o 1w ) o ) f | 13

including relativistic effects 2514|183 59 125 77 73£9 | T0&17
339.5 254 225 403 213 523 +12 172 £+ 30

*light hadrons

UZI()B??O)—J Bz‘f()?)??o)—»f
. . [pb] [pD] [x10~7]
No evidence for direct decays o0 <357 <35 | <05
on < 12.6™ < 12.6 <19

to llg ht hadrons seen ye’r 2t 74+150+£28+08 | <325 <48
KtK rfn~ | -196+£19.6+33+£21°| <327 <4.8

. I O aE <111 <111 <16
pUZZIe OF mISS|ng decays 20KTK") —2.7+714+05+03° < 11.6 <1.7
dKTK™ —-0.5+£100£09+£0.1* | <16.5 <24

‘ pr ™ ~6.2£6.6 0.6 £0.7° 11.0 1.6
op(arr0) = 6.38 £ 0.08 )35 nb pprn p <

CLEO ppK T K~ 14435401402 <7.2 <1.1

_ o +0.41 opp < 5.8 <58 <09
T4(3770) — 94(3770)~DD 0.01 £ 0.08 Zg5onb 3(rtn 1694267+55+24 | <617 | <91

)
2rta)n 727 +£55.0£7.3+£82 | <1647 | <243
2(rta)m® —3544+24.64+6.6+4.0° | <423 <6.2
+

T(3770) = 725+ 0.27 +0.34 nb BES KYK ntn 7°—36.94+43.8 £ 12.8 +4.2°| < 75.2 <11.1

2AAKTK ™ )n® 18.1+£7.7+£0.7£2.0" < 31.2 < 4.6
ppr° 1.54+3.9+0540.1 <79 <12

No evidence of unexpected rates for e | e S | S
non DD decays

Decay Mode O4(3770)— f

BES [hep-ex/0705.2276]

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



The remaining D states

3D2 1D2

No strong decays below
DD* + DD*  threshold

°Ds decay width small

search in DD channel

Decay Width [MeV]

All remaining 1D states are
narrow

How to produce these states? Mass [GeV]

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



Other Charmonium States ?
X(3943), Y(3940), Z(3930), ...

Basic Questions in Charm Threshold Region:

Is it a new state? What are its properties?
Charmonium or not?

If not what? New spectroscopy?

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



Comments on AR

" _ .. * DD
DD, DD DD D.'Dg
8 : : : : =—B*h

s D*Df

CLEO-c hep-ex/0606016

This rich structure arises simply from
the 3S and 2D states

Interference between the 3S and 2D
plays an important role.

Decay amplitudes for radially excited
states have oscillatory structure

The peaks for individual final states
do not coincide

0.6F

Determining the number and properties .
of the resonances is impossible without **
a detail decay model. 02

0.1

0.3’9

Hillll‘llillH'lI“lH[

42 425 43

P (Gev)
Updated Cornell Coupled Channel Model

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007 -24-



Likely charmonium states:

* Z(3930) - Observed by Belle in YY production

Decay mode DD
Mass = 3929 + 5(stat) + 2(sys) MeV

Width = 29 + 10(stat) + 2(sys) MeV

Events/10 MeV/c2

37 3.8

H’fﬂfﬁﬁww Tt f)

Jpc - O ++ O r 2++ FIG. 3: The sum of the M (DD) invariant mass distributions

- for all four processes. The curves show the fits with (solid) and
without (dashed) a resonance component. The histograms
show the distribution of the events from the D-mass sidebands

DD angular distribution favors J=2 e the v,
[PRL 96, 082003 (2006)]

/

3
2 P2 XCZ
[ =29 MeV Model
DD* + D*D

I

N

(c)

o

Events/0.1

= (.32

decay widths (MeV)

1 . I 1 1 Locenen-s:
3.875 3.900 3.925 3.950 3.975 4.000

0.74 +-0.43 +=0.16 exp W (GeV)
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Other 2P States

Mass Spin Splittings Widths

2°Py 3881.4 —90 +927.9 DD 61.5
2°P, 3920.5 p -8 +6.7 DD* 81.0
21 P, 3919.0 (3922) 0 —5.4 DD* 59.5

2P, 39319 +25 —9.6 DD’ 21.5
DD* 7.1
total 28.8

* Y(3940) - Observed by Belle in B decays

Seen in decay mode w J/Y

Slgnl ‘ﬁ Can_l_ branChlng Frac_l_lon: Belle PRL 94, 182002 (2005), 253/fb, >8c

T T

B(B* — K'Y (3490))2B(Y (3040) — wJ/y) =71+ 13£31x 105 3 | i | §
B(B* — K*(c€)) ~ 6 — 10 x 1074 per mode j } j ’

SO B(Y(3940) — wJ/¢) ~0.1 & | \ M \ M L

\H

280 3360
M{mﬂw (M } Mimﬂw} {Me’

ﬁ M=3943+11+13 MeV

2°P interpretation:
Problems with mass and decay mode.

Main decay mode should be DD’
Present bound?

['=87+22+26 MeV

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



Y(3940) confirmed by Babar Babar [Cibinetto EPS 2007

\

0
. | 1

I

(3014.312 % (stat) 118 (syst)) MeV/c”
= (3313%(stat) Ty 8 (syst)) MeV.

1

» ~30MeV lower mass than Belle’s
» Narrower width

» Preliminary BF estimate similar to the
Belle’s (~107°)

i
J
i
S
i
i
]

i
]
HH

B* Eventa/ 10 (MaVic®)

=

1

a)
B
b)

] —

2°P interpretation:

B* Eventa / 10 (MaVic®)

Mass near expected value

B / B

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



* X(3943) - Observed by Belle in recoil against J/y

Mass = 3942 7., + 6 MeV Phys. Rev. Lett. 98, 082001 (2007)
Width = 37 *265 + 12 MeV
(update EPS 2007)

-
o
(==

N/20 MeV/c?
S

Not a ° P, state

BR(DD) < 41% @ 90%cl
BR(DD* + D*D) > 45% @ 90%cl

/!
Likely the 7). state

Width = 50 MeV (CCC Model)
but

Width (MeV)

M(P(4040) - X(3943)) = 100 MeV (Large)
Requires bare splitting: 88 MeV

Including DDp channels: Expected to
add significant spin splitting

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007




Belle - recoil against J/@
Relativistic BW

-

D-reconstructed D-tag D-reconstructed D"*-tag

N/50 MeV/c™
=S

=
Q
=
10
a
.
=

ee — J/y DD reflectior

3.8¢c

0

\

L +7
D sidebands *| M =3942616 MeV

Tyor =37 175412 MeV

N, = 52 *28+11

R
0 *

+

M(DD) M(DD)

EPS-HEP 2007, Manchester, July 2007
P.Pakhlov

23Po ?expected mass 388l,
width = 62:

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



Mass = 3871.2 + 0.6
Width < 2.3 90% cl

E. Eichten - Fermilab

X(3872)

BY — Jiymin + Ky
Bt — Jiymn- + K

pp —» Jiymtne + X

pp — Jhumtnt + X
B — Jiymnm+ K
average

B »D'D'r? + K

m(D%) + m{D*?) — | M |
|

3865 3870 3875
Mass (MeV)

Charm Workshop - Cornell - Aug 6, 2007

BaBar

PRO 73, 011101 (2008

BaBar

FRD 73011101 (2006]

D@

PRLA3, 162002 | 2004}

CDF

PAL 53, 072001 (2004)

Belle

PAL &1, 262001 {#003)

PDGOE

J. Phys. G 33, 1 (2008)

Belle

PAL &7, 162002 (20045]

CLEO+PDGO6

PRL 598, 082002 (2007)

Discovery
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[ 1 | IIIIII Ii
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S
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CDF Il 360 pb”

— X(3872) = Jiyn'T
— iy p (L=0)
— ==Jhyp{L=1

| Multipole Expansions for ctC:

- mass distribution fits

p J/P (L=0)

)
: :;: 4 *:_E: k"é

+.
_-,1-;-1-:-1- -t-"“”‘ Fathaah

JPC _ 1-|——|-

X(3872) yield per 20 MeVic®

Strongly favored

nr Mass [GE.-WE: ]

X(3872) XQQTDQ;E)' CDF Run Il Preliminary L ~ 780ph™
e data points 25.8%
0.02%
5.510°°
3.8.10°°
3.8.10°°
3.8.10°°
2.4.107°
1.1.107° 100
4.1.10°° =
3.5.10717 5

10—20 0 n:n;a 1:5 ni2 'l= o EIE=31:5 /2
<1 10 0 063 1,18 w2 Jl] 0.63 118 m/2

< 1.1020 ||A @ = x| = m/2|

g

3
IIIIIFII-III|I

lcos{@, )| < 0.6 lcos(@, )| = 0.6

ast, )| = 0.5} cos(ch, )| = 0.5)|cos(cr, )| < 0.5]|cas{c, )| = 0.5

+

acc. corrected
prediction for

g

+

X(3872) yield ! unit volume

2

HIT

|

=
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Other decay modes

X 2 77 7
(3872) = "W J/Y L 0ai0a Bolle Measure of

X(3872) — pJ /¢ isospin breaking

X(3872) — ~vJ /¢
X(3872) — wta—J /¢

— 0.19 & 0.07 Belle + BaBar C =+l

5}
=

X(3872) — 7DD
X(3872) — wHm—J/y

B2
=

10

Fvents /4.25 MeV /c*

et
=

M = 38754+ 0.7 T97 4+ 0.8MeV

O 00255 0051 00765
MID"D - 2MiD M1 GeV ie®

DD* "Binding Energy?”“:
+0.7
M"‘(mbo"‘ mD*O) =+43 £ 0.7 -1.7 MeV
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Recent developments

CLEO precise D° mass measurement [prL 98, 092002 (2007)]
1864.847 + 0.150 * 0.095 MeV

M(X) - M(D®) - M(D%*) = -0.6 + 0.6 MeV

All modes ‘ PRL 97, 162002(2006)

25
- preliminary

BaBar confirms Belle decay D°D*nr©
with X mass:

b 4lo

Ewents / ( 0.004 )

M = 3875.4_, ,*12£0.7MeV /c?

.95 4, U5 4 I 4, 15 i
D" +E "I Invariant Mass (GeV/ich)

Two key features of X(3872):

X is extremely close to threshold

D°D*°11® mode above threshold
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OptiOnS for X(3872) (225 papers)

DYDY molecule: threshold cusp:
Tornqvist (8-03, 2-04); Close and Page (9-03); Pakvasa and Bugg (10-04)

Suzuki (9-03); Voloshin (9-03, 8-04, 9-05, 5-06); Wong (11-

03); Braaten and Kusunoki (11-03; 2-04; 12-04, 6-05, 7-05,

9-06); Swanson (11-03, 6-04, 10-04); Braaten, Kusunoki, and

Nussinov (4-04); Kalashnikova (6-05); AlFiky, Gabbiani, and

Petrov (6-05); El-Hady (3-06), Chiu and Hsieh (3-06); Zhang,

Chiang, Shen and Zou (4-06); Melikhov and Stech (6-06)

tetraquark: (eg)3(gc)s tetraquark: (ce)g(qq)s

Vijande, Fernandez, and Valcarce (7-04); Maiani, Piccinini, Polosa, Hogassen, Richard and Sorba (11-05);

and Riquer (12-04); Ishida, Ishida and Maeda (9-05); Ebert, Buccella, Hogassen, Richard and Sorba (8-06)
Faustov and Galkin (12-05); Karliner and Lipkin (1-06); Chiu

and Hsieh (3-06)

hybrid: (cgc)

Close and Page (9-03); Li (10-04)

E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007



Viable options

Tetraquarks  No

No partner states found Measurements:

e Am=(2.7+1.3+0.2) MeV/c?in B = Jhpr*a BaBar: Phys. Rev. D73 (2006) 011101
Why so close to threshold? « Am=(0.7 + 1.9 + 0.3) MeV/c?in B — D°D*K BaBar: Preliminary

Hybrids No

Decays to DD* unexpected
Why so close fto threshold?

Charmonium 2°P; No (but may play a role)

Why so close to threshold?
Mass about 50 MeV to high Y(3940) may be this 2P state

Isospin issues

Threshold cusp  May play a role

Molecule Some problems

BO ., X 4 KO Measurements:
B( — + ) ~ 0.1 « R(BYB*)=0.50+0.30+0.05inB — .1/1pn+n:' BaBar: Phys. Rev. D73 (2006) 011101
B(Bt — X + KT) .+ R(BYB*)=2.23%0.93 +0.55in B — D°D*°K BaBar: Preliminary

What is the binding force? Pion exchange much too febble M.Suzuki

Expect
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In a two body system with short range interactions and
an S-wave bound state sufficiently close to threshold

Universal properties depending only on the large
scattering length (a)

This applies to the X(3872)

If a > (0 onebound state

Lo Ex =, /(2u)
a 7 I'x = 277/ 1t

Braaten and Hammer
[cond-mat/0410417]

Braaten and Kusunoki

w(r) L eXp(_%“T) (E -

_
O —
r )T (it VERE

Very large average separation between the charm quark and antiquark

Since this behavior is universal it gives no
insight into how the bound state forms
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For molecular interpretation cross
section for D°D*Om©

-
V2 + (i + V2uE)?

Fit to BaBar data ?

o(E) =
Im(Q)

One possibility is that the nearby 2°P;
state with its strong coupling to DD*
provides the needed binding.

1
(W — M+ QW) + i

G(W) ~

Assume:
Pole at 0.6 MeV below threshold
Small non DD* width - 400 KeV

|
3.86
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Obtain for D° D% © final state

Even though the X state is
slightly below threshold.

DDx final state (arbitrary units)

More complicated than
Braaten and Kusunoki

Real part of Q varies rapidly

Required conditions for this behaviour:
S wave threshold

Decay into two very narrow hadrons

Nearby state |[Ms - M(threshold)| < Ts
with sufficiently strong coupling to decay channel.
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Y(4260) and Beyond
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Y (4260)

Production: BaBar

— T
Fit result

N
(=}

Seen by BaBar in
ISR production

Background
/o i
Jhy SIdebandf Y(4260)
4 1
b it i g

I -
544 46 48 5

Events / 20 MeV/c?
(98]
(e}

[\]
(=)
T L L L

JPe =17

—_
(=)
L

Mass: 4259 £8 7 MeV

wo
T

Width: 88 =+ 23 +6 MeV o e
Confirmed by CLEO and Belle small AR

Decays: 7' J/¢  discovery mode

WOWOJ/¢ CLEO consistent with
KK~ J /) Isospin zero
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NOT a charmonium state

4S state: AR ™ 2.5 for 4S at
Ruled out the Y(4260) mass

2D (4160):

Ruled out M - Mg mass splitting

(M., is spin averaged mass)
S

Bottom 17
UKQCD

Lattice calculations:

Juge et al.

M(1~*) = M(177) (leading order in 1/m,.)

MILC

McNeile review e
ICHEP 2006

Early attempts of various groups give
conflicting results for direct mass calculations

Chiu and Hsieh [hep-lat/0512029]
Luo and Liu [hep-lat/0512044]
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Y(4350)
.but it's not the Y(4260)...

See N by Ba Ba r Fit to m(2(t*n™)J/y) to avoid combinatorics.
Try S-wave 3-body phase space, old and new resonance, cannot find a good fit
in the decay mode

Tt (29)

I Data

.......... _ Y(4260) + BKG

New resonance + BKG
rrrrrrrr 3-body phase-space + BKG

[ ] BKG (non-y(2S))

Events / 50MeV/c’

Events / SOMeV/c® |

l

O IR it 1 L

Nevt =78

Nbkg = 3.8 1.1

Mass:

III|IIII|III—
.

[T N N R R B

4.5 5
‘ mQ(nrr)I/y) (GeV/c?)

il Ll b

- Ll
LAl [EA TV T 1T

e !

-

Mass resolution

A ] I MeV
4354 1 16 Mev m(2(7{)J/\y) (GeV/c?)

Incompatible with Y (4260), y(4415), or S-wave 3-body phase-space production

Assuming a single resonance —> mass=(4354+16) MeV/c?, I'=(106+19) MeV (statistical errors only)

Wi dth R still insufficient to fully describe the spectrum (y2-prob = 1.4 x10-4)
. compared with y2-prob = 1.6 x10-8 for Y(4260), 4.2 x10" for y(4415)

QWGO06, June 27 2006 Shuwei YE

106 =9 MeV

Recently Confirmed by Belle

M (Y (4360)) 4361+ 9 +9
ot (Y (4360)) 74+ 15 £ 10
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OptiOnS for Y(4260) (62 papers)

hybrid: (cgc)
Close and Page (7-05); Kou and Pene (7-05); Zhu (7-05); Juge,
O’'Cais, Oktay, Peardon and Ryan (10-05); Luo and Liu (12-05);
Chiu and Hsieh (12-05); Swanson (9-05, 1-06); Barnes (10-05);
Eichten, Lane and Quigg (11-05); S. Godfrey (5-06); Buisseret
and Mathieu (7-06);

threshold effect:

Beveren and Rupp (5-06); Rosner (8-06)

tetraquark: @.(@):, @@)s(ge)s, or (@)s(da)s

Liu, Zeng and Li, (7-05); Bigi, Maiani, Piccinini, Polosa and
Riquer (10-5); Yuan, Wang and Mo (11-05); Ebert, Faustov
and Galkin (12-05); Maiani, Riquer, Piccinini and Polosa (3-
06); Stancu (7-06); Cui, Chen, Deng and Zhu (7-06); Buccella,
Hogassen, Richard and Sorba (8-06)
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Y (4260)

Molecular state - Unlikely Threshold effects -

Channel Threshold Energy * a * ok
DT D~ 4223.8 _ P wave D™D m and D"D™m
DDy (3/21) 4286.5 3(1. D wave measurements

DD (1/27 4306(32 S wave
DD2E3;2+§ 432;5) 8(2. D wave BES and Belle:

D*Do(1/2%) 4315(36) D wave Do not support these ideas

Hybrid - Attractive Close and Page [PL B628 (2005)]

/ I Zhu [PL B625 (2005)]
I1 o - .
u - Charmonium

Juge, Kuti,Morningstar
[nucl-th/0307116]

05 1 . S P D I,
r (fm)
E. Eichten - Fermilab Charm Workshop - Cornell - Aug 6, 2007




Degeneracies Operator

. S wave 1~ x" (D*)P
Expect triplet P wave Ot 1H 2t %' Dy
H, hybrid o+, 1 -t 2= x" B(D*)P
partners H, hybrid 0t 1t 2+ ' BxD v
Hj hybrid 17~ x" B-D vy

Quenched Spectrum

How many
narrow!?

— 0\ =
T
&7

0.2
a,/(Rr,)
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Belle

New state Y(4660)observed
by Belle in m* my’

M (Y (4660)) 4664 =11+ 5 ||
Lot (Y (4660)) 48+ 153 { H“ ||

o H HH H++ iy ++HH+H+H +++*++ t +++f
Very exciting S

=
o
o

o

Y(4260) and Y(4350) might be
one wide state with energy
dependent branching ratios.

(compare 3S region)

-~J
n

n
o

Mo
&)

o
&
N
3]
=
£
+
B
©

DT Wb b
Y(4660) is a radial excitation  ae’ 5.5
of the charm quarks state

(analog of Y’ to J/Y)
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To Do List
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Summary and To Do List

We are closer to a theoretical understanding the charm threshold
region than it may appear.

The X(3872) is likely D° D% bound state with binding provided by
nearby 2°P; state.

The [Y(4260), Y(4350)] and Y(4660) highly
suggestive of the hybrid nature of these states.

Lattice calculations will provide insight into theoretical issues.

NRQCD and HQET allows scaling from ¢ to b systems. This will eventually
provide critical tests of our understanding of new charmonium states.

Answers in many cases will require the next generation of heavy flavor
experiments - BES III, LHCb and Super-B factories.
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A list of experimental and theoretical questions:

1 For experiment:

e Measure R/~ (FE) in the ¢(3770 resonance region.
e Observe ¥(3770) — vyxc2
Angular distribution of X (3940) — D + D* to distinguish 0~ and 0.

The measurement of the DYD%7% decay mode of the X(3872) by Belle and Babar
is very important to understanding the nature of X(3872). Can more information
about the shape of the enhancement be obtained?

The Y(4260) and/or Y(4350) are above threshold for decays to D* Dp states. These
various decays play an important role in understanding the nature of these states.
What limit can you put on the ratio of such decays to the nw.J/¢(") discovery modes?

Confirm the Y (4660) in wmJ/v’. Look for other modes ’light hadrons’ +J/¢ () and
W+ XeJ-

Look for Y(4260), Y4350), and Y4660) in 7t7 () at hadron colliders.

2 For theory:

e Compute AR, in the region near the ¢(3770) resonance. This will provide a detailed
model for fitting the total cross section.

e Include D™ + Dp final states in coupled channel calculations.

e Investigate the excitation spectrum for hybrid states using the JKM static potential.
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3 For lattice:

e The combination of the static energy for hybrids and the SE for obtaining the masses
is very practical. If the Y(4260) is a hybrid state, then there is a triplet of nearby
states expected (0O-+, 1-4, 2-+). The splitting comes from including the heavy quark
spin fine structure. How could this be calculated? Even the sign would be useful.

Much better calculations of the masses of low-lying four quark (QgqQ) states are
needed. What is the prospect obtaining them in the near future. Could a more
indirect approach be used to decide if any of the diquark combinations are sufficiently
attractive to bind?

The combination of the static energy for hybrids and the SE for obtaining the masses
is very practical. If the Y(4260) is a hybrid state, then there is a triplet of nearby

states expected (0O-+, 1-4, 2-+). The splitting comes from including the heavy quark
spin fine structure. How could this be calculated? Even the sign would be useful.
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