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Charmonium spectroscopy before the B-factories
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Charmonium spectroscopy after the B-factories
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=74+18 [=48+15 [=82+21
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| Common features |

===

|
f

]i

o All these states decay into J/g or (2S) = they
have a cc pair in their quark components

e Their masses are not compatible with quark
model calculations for charmonium states

e Absence of open charm production in their
decays is inconsistent with cc interpretation

e Candidates for exotic (not quark-antiquark) states
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masses and widths of the Y states are not
consistent with any of the 1- charmonium states
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X(3872)

DD™ molecular state
tetraquark state
mixed charmonium-
-molecular state
threshold effect

Y (4260)
charmonium hybrid
J/y-fo bound state

tetraquark state
DoD” molecular state
S wave threshold effect

Z+(4430)

D1D” molecular state
baryonium state
tetraquark state
threshold effect

Y(4360)

charmonium hybrid

Y(4660)

charmonium hybrid
W’-fo bound state
tetraquark state

Z1*(4050)

D'D” molecular state
hadro-charmonium
not a resonance

Z2*(4250)

D1D molecular state

Y(4140)

D<'Ds" molecular state
tetraquark state
not a resonance

X(4350)

Ds'Dso” molecular state
tetraquark state
P-wave charmonium
mixed charmonium-
-molecular state
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X — J/YntnnY

X(3872)

~ 1 w» Strong isospin and G

X — J/YpmTa—

Events/25 MeV

16

parity violation

]
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M (D**D°%) = (3871 £ 1)
X(3872): molecular (D*°D° 4+ D*°DP%) state (Swanson, Close, Voloshin, Wong ...)

Tornqwist (zrcs1(94)) predict a D D* molecule with J¥¢ = 0=t or 1++

Maiani et al. (Pro71 (05)) tetraquark JF¢ = 111 state
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M (D**D°%) = (3871 £ 1)
X(3872): molecular (D*°D° 4+ D*°DP%) state (Swanson, Close, Voloshin, Wong ...)

Tornqwist (zrcs1(94)) predict a D D* molecule with J¥¢ = 0=t or 1++

Maiani et al. (Pro71 (05)) tetraquark JF¢ = 111 state

molecular and tetraquark
interpretations differ by the

way quarks are organized in
diquark-diantiquark the state

production rate for a pure molecule
should be two orders of magnitude

smaller than exp. (Bignamini et.al.,

D — D “molecule” PRL103(09)162001)
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Tetraquark states: X, = [cq]s=1|€q|s=0 + [cq]s=0[Cq]|s=1
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Tetraquark states: X, = [cq]s=1|€q|s=0 + [cq]s=0[Cq]|s=1

X (I = 0) = ZetRd

ISOSpPIN elgenstates\
_— _ Xu_Xd
X(I=1)= 75

( X; = X,cos0 + X sin0

most general X(3872) states ¢ X, = —X, sinf@ + X cos0

. both can decay into 27, 3«
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Tetraquark states: X, = [cq]s=1|€q|s=0 + [cq]s=0[Cq]|s=1

X (I =0) = ===

isospin eigenstates\
. _ Xu—Xq4q
X(I=1) =27

( X; = X,cos0 + X sin0

most general X(3872) states { Xj = — X, sin0 4 X cos 0

. both can decay into 27, 3«

X — J/’(p'u T

~1 = 6~ 20°
X — J/yrTa—

From

Only one is produced in B¥ — K% X = the other appear in

B’ - K%Xx
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QCD Sum Rule

Fundamental Assumption: Principle of Duality

I(q) = i / d*z ¢ (0|T[j ()51 (0)]]0)

Theoretical side Phenomenological side




QCD Sum Rule

Fundamental Assumption: Principle of Duality

I(q) = i / d*z ¢ (0|T[j ()51 (0)]]0)

Theoretical side Phenomenological side

Theoretical side
II(q) = /d4az e T (0| T (z ZC

Phenomenological side

H(qz):—/ds o8

g — S + 1€




(0|5 H ) Peont (3 ) $)O(s — so)

So: continuum parameter

then(QQ) HOPE QQ

=P Borel transform

\Zp—m”/M” :/ ds e—5/M* pOPE(S)

maimn
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(05| H) = A Peont(5) ‘pOPE( )O(s — 50)

So: continuum parameter

then(QQ) HOPE QZ

=P Borel transform

\Zp—m”/M” :/ ds e—5/M* pOPE(S)

Good Sum Rule = Borel window such that:
® pole contribution > continuum contribution

e good OPE convergence

® good Borel stability
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fjﬂim ds e—35/M* ,OOPE(S)

f;(;n ds e—s/M? pOPE(S)

QCD sum rules calculation for X (3872)

Matheus, Narison, MN, Richard: PRD75 (07)

m2:

. 1€abc€dec _ _ _ _
= bﬂd [(qF Cyses)(qa7,CEL) + (qF Cpues) (GaysCED)]




fSO ds e—35/M* ,OOPE(S)

Smin

m = =
fSO. ds e—s/M? ,OOPE(S)

QCD sum rules calculation for X (3872)

Matheus, Narison, MN, Richard: PRD75 (07)

L€abcCdec

j,Lb: \/§

(g2 Cy5¢)(qavuCel ) + (g4 Cyues)(@aysCes )]

s,” =417 GeV

Pert + m - 301/2 =4.2 GeV
“ 70-

Continuum

Condensate/RHS

35+

Contribution/(Pole+Continuum) (%)

30
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mx = (3.92 £+ 0.13) GeV

M (GeV?)

/(8 1 3) MeV (quark model)
M(Xp) — M(X)

(2.6 — 3.9) MeV (QCD sum rule)
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4.3~

s, =4.1 GeV
429 s s,"*=4.2 GeV

mx = (3.92 + 0.13) GeV

3.8

3-7 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

M (GeV?)

/(8 1 3) MeV (quark model)
M(Xp) — M(X;)

(2.6 — 3.9) MeV (QCD sum rule)

BaBar Collaboration PRD77, 111101 (2008)—e-Am = (2.7 £+ 1.6) MeV

Belle Collaboration: arXiv/0809.1224m=—Am = (0.18 & 0.89 + 0.26) Me
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Lee, MN, Wiedner: D% D*Y molecular current (arxiv:0803.1168)

-(q,mol)

jlamod) () = % (G (2)75€a ()2 ()70 () — (@u(@)7nca(@)e (@150 (@)

mx = (3.87 + 0.07) GeV

- - ) e — ——— ‘l
| better agreement with the molecular current ’

JAp

- Problem: decay width X - J/ptrr ‘
~ 50 MeV (Navarra, MN, PLB639 (06)272) |

—______ e ————————
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arXiv:0810.1073: X (3872) observed in two different channels

X —(2S)y o L X—1(2S)y -~ —3
= )ewp =3.4+14, (IZE000)  ~4ax10

indication of a significant mixing of the c¢ and Do D*°
molecular components

Matheus, Navarra,  J&(z) =sin 05" (z) + cos 0502 (z)

MN, Zanett

(arXiv:0907.2683) jp(bq,Z) (a:') = —— <q‘q> [Ea (x)’yu%ca (517)]

6v/2

Sugiyama, Nakamura, Ishii, Nishikawa, Oka (arXiv:0707.2533)
mixed 2-quark 4-quark current to study the light scalars
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112 o

s%-44GeV,0=9° | |

—=— Perturbative
--k oo +<qQ>

+<g’G*> .

OPE term/RHS

4.4 - _
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Continuum
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M?(GeV?)

mx — (3.77 T 0.18) GeV
9V <9< 13"

Mmyx Increases with 6
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~ Decaywidth X - JiwV |

Huya(p,p’,q) — /d4azd4y e -7 eiq'yﬂuya(x,y)

Ma(z,y) = OITGY ()5 (1)5X ' (0))]0)

uu cC . mo
H/U/Oé<xay) — <2\/6> COS(Q)H,UJ/O{(:E7y) + SIH(Q)H’LW(i(CIZ‘,y)
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| | Decay width X | J

Huya(p,p’,q) — /d4azd4y e -7 eiq'yﬂwa(az,y)

Ma(z,y) = OITGY ()5 (1)5X ' (0))]0)

uu cC . mo
H/U/Oé<x7y) — <2\/6> COS(Q)H,UJ/O{(:E7y) + SIH(Q)H’LW(i(CIZ‘,y)

X —J/prtanml
X = J/yYrta—

=1.0+04+£0.3 » j/i( (z) = cosaJ}(r) + sin onj(:L’)

DX — J/pmtn” ) ~ (.15 COSOH_S%HOZ » o~ 200
DNX — J/yratn—) cos @ — sin «
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[IPRen) (. p! ) = (J/0()V (a)| X (1))

26"
(J/o(@")V ()| X (p)) = gxuv(Q)e" P pucs(p)es(q)ew (p)
9(Q%) = = fQQ

-2.4

gx¢w — gX¢w(—mi) = 5.4 4

C(Q") (10* GeV?)

mx=(3.77 £ 0.18) GeV

I =(9.3 £6.9) MeV
50<09 <130
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| | Decay width | J

H,u;/a (p’p/’ q) _ /d4$d4y 67jp’.:c eiq.ynuya (x’y)
0 () = (07725755710 5 = sinaJf + cos o}
Ji(r) = sin Hj/(ﬂ’m()l)(x) + cos 9;‘&‘172)@;)

§9 (z) = 575 (@) Ca(@) 756 (@)
jlamo) (z) = 7 (qa(x)V5Ca(®)Ch(2)Vuap(T)) — (Gu(x)Vuca(T)Cr(2)V5q0(2))
2 1 - 2

I = gfz_wuu — gd’yud + géfyuc
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[1(phen) (p,p’, q) =l (J/20(p') |57 (0)| X (p))

UV O
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- Pf ((A+B)2 P X (A+C)2>

3 My

['(X(3872) = vJ/Y) =

(X — J/Yy)
X — J/yrtn—)

= 0.14 = 0.05

QCDSR = X is a mixed charmonium-molecular state




MN, Navarra & Lee, arXiv:0911.1958

not compatible with
scalar-vector cq state
neither with DosD’s

scalar-vector cs
tetraquark state

X(3872) Y(4260) Z+(4430)
mixed DD’ DoD™ molecular state | D1D” molecular state
charmonium state JPC=1- JP=0-
JPC=1++ (4.27+ 0.10) GeV (4.40+ 0.10) GeV
(3.77+£ 0.18) GeV
Y(4360) Y(4660) Z1*(4050)

not compatible with
DD molecular state

D1D molecular state
JP=1-
(4.25+ 0.10) GeV
40< [ <60 MeV

Ds'Ds” molecular state
JPC=O++

(4.14+ 0.09) GeV

molecular state JPC=1- JP=0*
Jre=1- (4.65 0.10) GeV (4.19+ 0.18) GeV
Z,*(4250) Y(4140) X(4350)

not compatible with
D<s"Dso” molecular state
JPC=1-+

(5.05+ 0.19) GeV

Thursday, May 20, 2010




X(3872) Y (4260) Z+(4430)
JPC =1++ JPC =1-- JPC =?
3871.410.6 425217 4433114
[<2.3 MeV [[=88+24 [[=44+17

Y (4360) Y (4660) Z,+(4050)
JPC =1-- JPC =1-- JPC =?
4361%13 4664112 4051+14
[=74%18 [[=48%15 [[=82121
Z,+(4250) Y (4140) X(4350)
4248144 414313 435015
[=177154 [=11.718 ['=1319
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Lee, Morita, MN, arXiv:0808.3 168

Thursday, May 20, 2010



3.2

: : : 4 : :
4 2 I'=0 MeV — I'=0 MeV — 0
S = (4.2 GeV) 4 MeV 2 MeV So = (4.38 GeV)
8 MeV --- 4 MeV
. Ex 395} 6MeV
3.95 P 8 MoV
S S
(¢}) (¢})
O, 3.9 | O,
> . >
= Siall =
I
3.85 | 3.85 }|
Tetraquark D D molecule
3.8 ' ' ' ' 3.8 ' ' ' : :
2 2.2 2.4 2.6 2.8 3 2 2.2 2.4 2.6 2.8 3
Borel Mass M? [GeVz] Borel Mass M? [GeV2]
4.8
I'=0 MeV —
4_6 L 50% 60% 70% 50% 60% 70% 20 Mev
— 40 MeV - - -
E 4.4 ~ 60 MeV
O, , Y V ‘ I ST S S - 80 MeV
o 4.2 "_“, """ T ----------------- 1T e 1 100 MeV - --
= S [ R L SR R ] Ex
E 4' '———__|-—‘ ",//" p
3.8 [ R 1 DD molecule
4 8 20%. 100/? SO .= (4-3 IGeV) 20°/°. 10% SO .= (4-4 IGeV)
4.6 | 5T sor 50fr, GT ;
sl e Z5 (4250)
o 1 o= TT=-a._
S | - R T beit
8 2 gt e 2
— .- - L - //
(] L -|” /
R "
38 ¢t o1 o
3 6 20%. 10‘7.0 . SO .= (4.5 .GeV) 20%). 10%’ . SO .= (4.6 .GGV)
" 22 24 26 28 3 3222 24 26 28 3 32

Borel Mass M? [GeV?]

Borel Mass M? [GeV?]

Thursday, May 20, 2010



30 — -

20 — —

Events/0.01 GeV

Thursday, May 20, 2010



Z1(4430)

Bt - ZTK — ¢(29)nTK

- I I I I | I T T T I T T T T I T T T T i 60_
30 — ] i
S0 -
i I 40 -
- ) I 0
20 I~ —

Events/0.01 GeV
Events / 0.18 GeV?/c*
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arXiv:0905.2869
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arXiv:0905.2869
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T ([ec|[ad]) JP = 1%

Stable against strong decay if m < m[DD*] = 3.875 GeV:
-+DD in S wave due to J nor in P wave due to P

JP =171

/Iight antidiquark: €gpe[tpysCdl]

\heavy diquark: €qeflct Cypucy]
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T ([cc][ud])

Stable against strong decay if m
-+DD in S wave due to J n

JP = 1+/
\heavy diquar

QCD sum rule stu

JP =171

< m[DD*| = 3.875 GeV:
or in P wave due to P

light antidiquark: egpe[tipysCdr ]

K: €ger [cZC*yucf]

dy Navarra, MN, Lee, hep-ph/0703071

mrT.. — (4.0 _

T..: as easy to form in HI

- 0.2) GeV

C at LHC as X (3872)

Lee, Yasul, Liu, Ko, arXiv:0707.1747
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ﬂ Conclusions |

e | ots of charmonia in the last 7 years: a new
spectroscopy?

e Emerging consensus that X(3872) is a mixed
charmonium-molecular state.

e Discovery of Y(4260), Y(4360) and Y(4660)
represent an overpopulation of the 1- states

e Absence of open charm production in the Y
decay is inconsistent with cc interpretation

o /+ states, need confirmation, but only molecule
or tetraquark interpretations are possible
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